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Abstract

A wide range of polymerization methods for the synthesis of polymers with functional
groups have been well investigated. However, there are some functional groups which may
prevent polymerization or lead to side reactions. Post-polymerization modification, also
named as polymer-analogous modification, is an alternative method to overcome such
limitations. The synthesis of functional polymeric materials by post-polymerization
modification is generally based on the polymerization monomers containing functional
groups which are inert in the polymerization conditions but can be quantitatively converted

into other functional groups subsequently.

Recently, the fluorinated polymers have been widely used to synthesize diverse polymers
with functional groups. This thesis focuses on synthesizing different functional polymers by
post-polymerization via fluorinated polymers. From Chapter 2 to Chapter 5, the fluorinated
polymers were synthesized first, then different functional groups were grafted to the

conjugated backbones by post-polymerization.

Based on this strategy, several functional polymers have been synthesized and investigated
in this thesis. To improve the hydrophilicity of conjugated polymers, F8BT-OCs, F8BT-m
(m=2, 3, 4, 5, 6) and F8BT-PEG with hydrophilic side chains were synthesized by post-
polymerization in Chapter 2. The contact angle measurement demonstrated that the
hydrophilicity was improved by grafting hydrophilic side chains. Conjugated polyelectrolytes
with modulated density of ionic groups have been synthesized in Chapter 3. The
performances of OPV and OLED devices were both improved using the conjugated
electrolytes as interfacial layers. Also, the effect of ionic density on conjugated
polyelectrolytes used in OPV and OLED devices was investigated. A new thermo-,
pH/CO,-responsive fluorescent graft copolymer was synthesized in Chapter 4. The approach
of post-polymerization via fluorinated polymer substitution gives us a very effective strategy
to synthesize multi-stimuli-responsive polymers. Water soluble and pH responsive

conjugated polyampholytes were synthesized in Chapter 5. With changing pH, the



polyampholytes showed intermolecular interactions via electrostatic complexation between

positive and negative moieties.
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1 Introduction

1.1. Conjugated polymers

Conjugated polymers are a class of organic materials with m-electron conjugation along the
polymer backbone. They show unique chemical and physical properties for a wide range of
applications.l’2 Conjugated polymers are materials which combine the electronic properties
of inorganic semiconductors and the mechanical and physical properties of organic
polymers.3'6 Due to their solubility in organic solvents, conjugated polymers with extended
conjugation length can be processed to form thin and lightweight films though high
throughput methods such as roll-to-roll printing, inkjet printing, and spray—coating.7 Such
effective processing methods are advantageous to potentially develop low-cost organic
electronic devices, like solar cells, transistors, light-emitting diodes, memory devices and

811 5ome conventional structures of conjugated polymers are listed in the

X: NH, polypyrrole

sensing probes.

Figure 1.

Polyacetylene Polyphenylene vinylene X: S, polythiophene
R R T
[ . . 1 N
O O n
n
Polyfluroene Polycarbazole

Figure 1. Structures of some conventional conjugated polymers12

To fulfil the needs of a wide range of applications, tailor-made conjugated polymers are
usually designed and synthesized. For example, in order to modulate optical, electronic or

physical properties, conjugated aromatic backbones are designed with electron-donating or

13-15

electron-withdrawing moieties. Besides, non-conjugated side-chains are generally used

16-18

to improve solubility or impart additional functionalities. The importance of conjugated

19



polymer research was emphasized when Shirakawa, MacDiarmid, and Heeger were

awarded the Nobel Prize of Chemistry for their work on conductive polymers in 2000.

1.2. Characterizing polymer molecular weights

The ‘molecular weight’ of the polymer chains can influence their chemical and physical
properties. But polymers are different from small molecules which have a defined molecular
weight, polymers do not have a mono-disperse molecular weight. The molecular weight of
polymer mainly depends on the polymerization methods and reaction conditions. The
distribution of molecular weights can vary with different polymerization batches, which
means different polymerization batches lead to different polymer ‘molecular weight’. A
conventional method to characterize the molecular weight distribution in a particular batch
is to average the molecular weights of the polymer chains. The number average molecular
weight (M,) equals the total weight of the polymer chains divided by the number of polymer
chains. For example, if n; is the number of polymer chains and ‘i’ is the repeating unit with
molar mass M;. Then the M,, can be calculated from the following equation.

Equation 1:

(o]
_ XieanM;
= <o
i=1Mi

M,
In addition to M,, we also use the weight averaged molecular weight (M,,). This method
takes into account the fact that larger polymer chains contribute more to the total mass of
the polymer. The My, can be calculated from the following equation.
Equation 2:

2
Xz niM;

M, =
(0]

These two different ways are usually used to describe the molecular weight of a polymer
sample. Besides, the dispersity, or width of the distribution of molecular masses can be

defined as below:

20



Equation 3: The molar mass dispersity Dy.

My,
by=—"72=1

The Dy has a value above 1. If the Dy of a polymer sample equals 1, which means all the
polymer chains are exactly the same length. These three parameters (M,, M,,, D) are the
conventional three parameters which are used to characterize the polymers synthesized
and discussed in this thesis. As we know, the polymer properties depend on chemical
structures of the monomers. In addition to chemical structures, the molecular weight and
Pm of the polymers can influence the polymer properties. For example, the mechanical
properties,19 physical properties20 and optoelectronic properties21 are all influenced by the

molecular weights of the polymers.

1.3 Synthesis of conjugated polymers

The molecular weight and Dy are usually influenced by the types of polymerization
methods. There are two main types of polymerization reactions: step—growth22 and chain
growth.”® Conjugated polymers in this thesis were synthesized by the step-growth
polymerization. In step-growth polymerization, monomers with bi-functionality (for linear
polymer chains) react initially to form dimers, then trimers followed by small oligomers.
Oligomers then begin to react with other oligomers to form longer polymer chains. The
step-growth reaction mechanism means high molecular weight polymer can only be formed
at high conversion when long chains begin to react with other long chains.

For organic electronic applications, device performances are influenced by the molecular

weight of active layers.?*?

As polymer with high molecular weight is only obtained under
high reaction conversions (> 99% vyield), clearly it is not easy to obtain high molecular
weights by step-growth polymerization. Besides, the stoichiometry of the two monomers
must be equivalent in order to obtain high reaction yield. So the monomers in step-growth
polymerization should be as pure as possible. Based on such factors effecting step-growth

polymerization reactions discussed above, it is difficult to obtain conjugated polymers with

high molecular weights by step-growth polymerization.
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Unlike step-growth polymerizations, we can obtain polymers with very high molecular
weight by chain-growth polymerization. Besides, chain-growth polymerization also gives a
narrow Dy which is desirable as the polymer chains will have consistent molecular
properties.26 In chain-growth polymerizations, an initiator reacts with a monomer to form
the reactive species and the resulting reactive species react with another monomer.
Monomers continue to add to the end of the growing polymer chain before a termination
step stops the polymerization. In chain-growth polymerizations, a polymer with high
molecular is obtained at very early stage, which is different with step-growth
polymerizations (Figure 2). The molecular weight of the polymer can be controlled by the
initial ratio of monomer/initiator. Chain-growth polymerizations can be used to synthesize
homo-polymers (A-A-A-A-A...) or block co-polymers (A-A-A-B-B-B...) by adding a different
monomer at each stage. However, alternating co-polymers (i.e. A-B-A-B-A...) cannot be
synthesized using chain-growth polymerization while it is an obvious advantage of step
growth polymerization. The conjugated polymers in this thesis are alternating co-polymers

(A-B-A-B-A...), so all the polymers discussed are synthesized by step-growth polymerization.

=== Chain growth
Step growth

-
<
Rl
[
=
S
L
=2
%]
K
]
=

n n n 1J n

0% 20% 40% 60% 80% 100%

Conversion(%)

Figure 2: Molecular weight varies with conversion depending on polymerization mechanism.
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Figure 3: Traditional C-C coupling techniques for the preparation of n-conjugated materials.’

To obtain diverse polymeric structures, reliable formation of C-C bonds is needed.
Palladium (e.g., Stille, Suzuki) and nickel-catalyzed (e.g., Kumada, Negishi) cross-coupling
reactions have proven to be very useful synthetic methods in polymer synthesis (Figure 3).
As all the polymers synthesized in this thesis are through palladium catalysed cross-coupling
reactions, the palladium-catalysed mechanism is discussed herein. The most common way
to synthesize conjugated alternating co-polymers by palladium catalyst are Suzuki and Stille

27,2 . . . .
2?8 Most palladium-catalysed cross-coupling reactions involve three

coupling reactions.
main steps (Figure 4). First, oxidative addition in which the metal centre is oxidised as the
metal inserts into the aryl-halide (R;-X) bond. Then followed by transmetallation in which
the halide on the palladium is replaced with another aryl group, and finally reductive
elimination in which the palladium is reduced back to Pd(0) and the coupled aryl groups
(R1-Ry) are eliminated. In Stille reactions, the organostannane (SnBus; or SnMejs)
functionalised aryl groups are used in transmetallation step.?® As the Stille reaction can be
carried out under neutral conditions, a wide range of functional polymers are synthesized by

Stille reactions, especially for the polymers with sensitive groups. However, a disadvantage

of Stille reaction is that the organostannane reagents are highly toxic, which means Stille
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reactions are generally carried out on a laboratory-scale only. Suzuki coupling reactions are
carried out under basic conditions, and they use generally non-toxic boronic esters or acids
(R-B(OH),) in the transmetallation step. However, the reaction mechanism of Suzuki
couplings is far more complex than that of Stille couplings. This can often result in the need
to optimise Suzuki coupling conditions, which may not be possible if limited monomer is
available. In addition, basic conditions are unsuitable for some functional groups. All of the

conjugated polymers in this thesis were synthesised under typical Suzuki coupling reactions.

R;-R,
X
Reductive Elimination

Pd(0)L.
OLs Oxidative Addition

R4
R4

Lde(U<
R, Lde(I<

X

MX MR,

Transmetallation

Where, R; and R, are arene derivatives
X represents an halogen or a pseudo-halogen
M reoresents an organometallic functional compoud

Figure 4: Catalytic cycle of palladium cross-coupling reactions (isomerism of Pd" complexes ignored for
simplicity)

1.4 Post-polymerization modification

The concept of post-polymerization modification was developed by Staudinger, which he

39 Many functional polymers have been

termed as “polymer analogous reactions.
synthesized based on the post-polymerization modification concept. The Serniuk group
reported the functional butadiene polymers by thiol-ene addition reaction in 1948.3! Later,
the modification of halogenated poly(meth)acrylates was investigated in 1960s and the
Iwakura group synthesized polymers bearing pendant epoxide groups by post-

polymerization modification. Although many functional polymer synthesis were synthesized
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by post-polymerization modifications, the variety of chemical reactions allowing
guantitative post-polymerization modification was limited. With the development of
polymerization techniques such as atom transfer radical polymerization (ATRP),3 reversible
addition fragmentation chain transfer (RAFT)*® and single-electron transfer living radical
polymerization (SET-LRP),* functional group tolerance has been improved by these
techniques. With functional group tolerance improved, a wide variety of functional groups
can be quantitatively and selectively modified under mild reaction conditions.

The synthesis of functional polymers through post-polymerization modification is illustrated
in Figure 5. Post-polymerization modification is based on the polymerization of monomers
with functional groups which are inert towards the polymerization conditions but which can
be quantitatively converted in a subsequent reaction step into other functional groups. One
obvious advantage of post-polymerization polymerization modification is that it allows
access to functional polymers which cannot be prepared by direct polymerization of the
corresponding functional monomers. Besides, this strategy is very attractive for
combinatorial materials discovery. However, it is important that such reactions need to
proceed in close to quantitative yield, otherwise complex mixtures can form. This can be

difficult on polymers due to high number of functional groups and steric accessibility
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O
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Figure 5. Synthesis of polymers by post-polymerization modification
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1.5 Post-polymerization modification reactions

The research on post-polymerization modification increased as a result of development of
functional group tolerance polymerization techniques. This part will discuss eight of the
most frequently used reactions for the post-polymerization modification for conjugated
polymers briefly. They are post-polymerization modification via (1) thiol-ene addition, (2)
epoxides, anhydrides, oxazolines, isocyanates, (3) active ester, (4) Diels-Alder reaction,
(5) thiol-disulfide exchange, (6) Michael-type addition, (7) azide alkyne cycloaddition
reactions, (8) ketones and aldehydes. The main classes of reactions used for

post-polymerization modification are shown in Figure 6.
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Figure 6 Main classes of reactions that used for synthesis of functionalized polymers via post-polymerization

modification®
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1.5.1 Post-polymerization modification via thiol-ene addition

The thiol-ene reactionis an organic reaction between a thiol and an alkene to form
a thioether. Thiol-ene chemistry was widely used as a method for forming crosslinked
networks. There are many advantages of thiol-ene addition for polymer synthesis: tolerance
to many different reaction conditions/solvents, defined reaction path ways/products, and a
range of easily obtained starting materials. These advantages have led to thiol-ene addition
being used increasingly in polymer functionalization, macromolecular synthesis, and
functionalized biomaterials.>*® For example, the Martin group37 investigated the
post-polymerization modification of poly(3,4-propylenedioxythiophene) (PProDOT) surfaces

by using a dialkene functionalized variant (ProDOT-diene) (Figure 7).
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Figure 7: Functional polymer synthesized by post-polymerization via thiol-ene addition®’

1.5.2 Post-polymerization modification of epoxides, anhydrides, oxazolines,

isocyanates

Epoxides, anhydrides, oxazolines, and isocyanates are a class of functional groups which
have a long history in polymer synthesis. A common advantage of such groups is that they
are tolerant toward radical based polymerization techniques. Here, take isocyanates for
example. The isocyanate group is an attractive group which allows post-polymerization
modification with amines, alcohols, and thiols. The post-polymerization functionalization of
hydroxyl functional polymers (both end group and side chain) by hydrolysis-stable
carbamate formation with a wide range of functional isocyanate derivatives yielding a high

degree of conversion was reported by the Scherman group.® (Figure 8)
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Figure 8: Functionalization of hydroxyl end groups polymers with Isocyanates by post—polymerization38

1.5.3 Post-polymerization modification via active esters

The synthesis and post-polymerization modification of active ester polymers was developed

39
|

by Batz et al.”™ The reaction of active ester polymers with amines is the most commonly

used post-polymerization modification strategy. Amines are most frequently used for the
post-polymerization modification of active ester polymers as they can react selectively even

in the presence of weaker nucleophiles, such as alcohols.
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Figure 9: Functional polymer synthesized by post-polymerization via active eater®
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The Patrick Theato group reported a well-defined diblock copolymer synthesized by
sequential RAFT polymerization and post-polymerization modification via active-ester. The
self-assembly of these diblock copolymers was responsive to the change in pH and the

presence of sugar.”® (Figure 9)

1.5.4 Post-polymerization modification via Diels-Alder reactions

The cycloaddition reaction between a diene and a substituted alkene, which was discovered
by Diels and Alder, has emerged as an attractive method for post-polymerization

modification.**?

The Diels- Alder reaction can proceed with quantitative yields without any
side reactions and is tolerant to a wide range of functional groups. Besides, many Diels-
Alder reactions are reversible and the Diels-Alder adduct can decompose into the starting
diene and dienophile at higher temperatures. The Sanyal group reported poly(ethylene
glycol) methacrylate-based hydrogels containing thiol reactive maleimide functional groups

synthesized by post-polymerization via a novel Diels-Alder cycloaddition.* (Figure 10)
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Figure 10: Functional polymer synthesized by post-polymerization via Diels-Alder reaction®

1.5.5 Post-polymerization modification via thiol-disulfide exchange

Disulfides are attractive reactive groups for post-polymerization modification, as they can be
readily exchanged with thiol compounds in high yields. Based on this method, diverse

pyridyldisulfide-functionalized acrylates and methacrylates have been developed which can
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be polymerized using conventional free-radical polymerization. One of the advantages of
the thiol-disulfide exchange reaction is that it allows the introduction of functional groups
via a disulfide bond. The Zugates group demonstrated the reduction of pyridyl disulfide
containing poly(b-amino ester)s modified with glutathione in intracellular media, which led

to a 50% decrease in the DNA binding capacity of the polymer** (Figure 11).
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Figure 11: Functional polymer synthesized by post-polymerization via thiol-disulfide exchange44

1.5.6 Post-polymerization modification via Michael-type addition

Michael-type addition reactions have been generally utilized in polymer research to
synthesize a variety of macromolecular structures including polymers, dendrimers, and
crosslinked networks. Michael-type addition reactions were also utilized to prepare side
chain functional polymers bearing Michael acceptors, such as acrylates, maleimides, and
vinyl sulfones. Post-polymerization modification of these polymers with thiols is very
attractive, as this reaction can proceed quantitatively and selectively in agueous media at
room temperature.45 The Zhong group prepared vinyl sulfone functionalized poly(ester
carbonate)s by ring-opening copolymerization of a vinyl sulfone carbonate monomer with
g-caprolactone, lactone, or trimethylene carbonate. Post-polymerization modification was
reported to proceed quantitatively even with bulky thiols at room temperature® (Figure

12).
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Figure 12: Functional polymer synthesized by post-polymerization via Michael-Type addition®®

1.5.7 Post-polymerization modification via azide alkyne cycloaddition

reactions

Azide alkyne cycloaddition reactions have been used for post-polymerization, as they can
give high yields under mild conditions in aqueous or in organic media. This type of reactions
requires the preparation of polymers containing azide or alkyne functional groups, which
can be obtained by various polymerization techniques. An advantage of post-polymerization
modification using the azide alkyne cycloaddition reactions is that almost all functional
groups have been reported to be tolerant to this type reaction.*’ Quantitative modification
of the alkyne groups was achieved with an azide-functionalized PEG (M,, = 1100 g/mol) in
stoichiometric conditions at 80 °C when CuSO,4-5H,0/Na,, was used as a catalyst by Parrish
group™® (Figure 13).
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Figure 13: Functional polymer synthesized by post-polymerization via azide alkyne cycloaddition reaction®®
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1.5.8 Post-polymerization modification of ketones and aldehydes

Ketones and aldehydes can selectively react with primary amines, alkoxyamines, and
hydrazines to form imines, oximes, and hydrazones, respectively. While imines are prone to
hydrolysis, oximes and hydrazones are hydrolytically stable between slightly acidic to
neutral pH. However, imines can be further converted to stable secondary amines via
reductive amination under the presence of a reducing agent, such as borohydride
derivatives. Barrett and Yousaf prepared a library of poly(ketoester)s, which contain ketone
groups as part of the backbone of the polymer. Post-polymerization modification of these
backbone ketone groups proceeded quantitatively with a library of oximes at room

temperature® (Figure 14).
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Figure 14: Synthesis and functionalization of poly(ketoester)s by post-polymerizatio49

1.6 Post-polymerization modification of nucleophilic fluoride

substitution

The eight conventional post-polymerization modification reactions have been discussed
briefly above. Although successful, none of these approaches directly modifies a conjugated

polymer backbone. We are interested in such an approach which can be used to tune
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polymer energetics. During the course of this thesis, we developed the nucleophilic fluoride
substitution as an effective approach to functionalize conjugated polymer backbones with a
wide range of functional groups under highly controlled and mild conditions. This approach
allows for facile tuning of the physical and optoelectronic properties within a batch of
consistent molecular weight and dispersity. The nucleophilic fluoride substitution also
enables the introduction of multiple different functional groups onto the polymer backbone
in a controlled manner. Such functionalisation results in significant changes to the
optoelectronic and physical properties of the polymer. Besides, it enables the quantitative
introduction of functional groups on conjugated backbone. To demonstrate the versatility of
this fluoride substitution reaction, we designed and synthesized a range of emissive
poly(9,9- dioctylfluorene-alt-benzothiadiazole) (F8BT)-based polymers for the creation of
mono and multifunctional semiconducting polymer.50 Most of the polymers were
synthesized by my colleague, Adam Creamer, and some polymers were synthesized by me

(Figure 15). This thesis fully develops this work.
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Figure 15: Scope of the nucleophilic fluoride substitution reactions™

1.7 Graft copolymers synthesized by post-polymerization

After discussion about generally used reactions in post-polymerization, a wide range of
reactions that have proven to be effective and powerful to synthesize diverse functional
polymers via post-polymerization. These simple reactions can greatly facilitate the synthesis
and modification of functional polymers. The advantage of post-polymerization strategy lies
in the fact that one reactive scaffold can be transformed into multiple derivatives simply
upon changing the chemical identity of the functionalizing moiety. There are diverse
materials which have been prepared by various post-polymerization reactions, including:
terminal- and pendant-functional polymers; copolymers and micelles; complex architectures
such as star, brush, graft, hyperbranched, and dendritic polymers; gels and networks; and

132 As the polymers synthesized in this thesis are all

polymers conjugated to nanomaterials.
graft copolymers, the preparation of functional graft copolymers by post-polymerization is

briefly reviewed here.
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Figure 16: Three main strategies for synthesizing the graft copolymers by post-polymerization53

Graft copolymers containing side chains chemically attached onto a linear backbone are
endowed with unique properties including wormlike conformation, compact molecular

dimension and notable chain end effects.>

Much attention has been paid to the synthesis
of graft copolymers with desired functional groups, chemical compositions and lengths of
side chains. The graft copolymers due to their unique molecular structures have a wide

range of applications from biology to nanoscience.””™’

According to the features of
synthetic approaches, three main strategies: grafting through, grafting-from and grafting-

onto, are mainly utilized to synthesize the graft copolymers53 (Figure 16).

1.7.1 The grafting-onto strategy

The grafting-onto strategy is based on attaching side chains onto a linear backbone by a
coupling reaction. As the linear backbone and side chains are synthesized independently,
they can be obtained by appropriate pathways and the chain lengths can be readily tuned.
The key in the synthesis of graft copolymers via the grafting-onto strategy is to utilize an
efficient coupling reaction of functionalized backbones with side chains. Based on this
strategy, the Nuyken group synthesized poly[2-(4-methoxybenzylsulfanyl)ethyl-2-oxazoline]
co-poly- (ethyl-2-oxazoline) bearing potential thiol groups (Figure 17). After quantitative
deprotection of thiol groups and thiol-ene coupling reaction of those SH groups of the

copolymer with acrylamide or maleimide in the end of poly(2-methyl-2-oxazoline)s,
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different graft copolymers containing poly(2-oxazoline)s as both backbone and side chains

with different lengths of side chains were prepared with a quantitative conversion.”®
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Figure 17 : Functional polymer synthesized by grafting-on strategy58

1.7.2 The grafting-through strategy

The grafting-through strategy to synthesize graft copolymers is to polymerize the
macromonomers with a polymerizable end group. Based on this strategy, the length of side
chains and the grafting density can be controlled by adjusting the degree of polymerization
of side chains and backbone, respectively. Due to such advantages, many graft copolymers
have been obtained by the combination of different polymerization approaches. For
example, the Weber group prepared methacrylate-terminated oligo-(2-ethyl-2-oxazoline)
via living cationic ring-opening polymerization followed by synthesizing the graft copolymers

containing oligo(2-ethyl-2-oxazoline) side chains.”® (Figure 18)
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Figure 18: Functional polymer synthesized by grafting-through strategy59

1.7.3 The grafting-from strategy

This strategy

backbone, thus can be obtained directly from the initiation-group-containing monomer or
by the introduction of initiating functional groups on a precursor polymer. With the living

polymerization technique, this strategy is an attractive method to synthesize graft

copolymers.

synthesized via this “‘grafting-from” strategy. Based on this strategy, he Huang group

reported the synthesis of well-defined graft copolymers consisting of PtBA backbone and

involves polymerising the side chains from an initiation group on the polymer

Many graft copolymers with various backbones and side chains have been

poly(methyl acrylate) (PMA) side chains.?® (Figure 19)
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Figure 19: Functional polymer synthesized by grafting-from strategy60
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1.8 Thesis aims and overview

Backbone functionalization of conjugated polymers is important to optimize their
performances in many applications, from optoelectronic devices to nanoparticle biosensors.
So, it is important to introduce diverse functional groups to backbones by effective
approaches. To address this challenge, we develop an approach for the direct modification
of the aromatic backbone of conjugated polymer by post-polymerisation. This approach
concerns fluoride displacement via an aromatic backbone substitution reaction. The aim of
this thesis (from Chapter 2 to Chapter 5) focuses on synthesizing different functional
conjugated polymers by post-polymerization and investigation of their chemical and
physical properties. In Chapter 2, conjugated polymers with same aromatic backbone but
increasingly hydrophilic side chains were synthesized by post-polymerization (Figure 20).

The hydrophilicity of conjugated backbone was improved by grafting hydrophilic side chains.

Figure 20: Conjugated polymer with hydrophilic side chains

In Chapter 3, conjugated polyelectrolytes with same conjugated backbone but different
ionic densities were synthesized by post-polymerization (Figure 21). The conjugated
polyelectrolytes with same conjugated backbones but different ionic densities can aid the

understanding of relationship between ionic densities and device performance.

x=0.25, y=0.75

x=0, y=1.0

Figure 21: Conjugated polyelectrolytes with different ionic densities
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As multi-stimuli-responsive polymeric materials respond to different external factors, such
as temperature, pH, light. How to synthesize multi-stimuli-responsive in a facile way has
received much attention. In chapter 4 a thermo-, pH- and CO,-responsive fluorescent
graft copolymer has been synthesized by post-polymerization (Figure 22). This facile
synthesis strategy gives us an effective approach to design and synthesize multi-stimuli

responsive polymers.

Heating
Cooling &
- ‘
DNBT-PEO 25°C 80°C

Figure 22: A multi-stimuli-responsive polymer synthesized by post-polymerization

The Chapter 5 focuses on the synthesis of water soluble conjugated polyampholytes (Figure
23). The two conjugated polyampholytes are all water soluble and pH responsive. With
changing pH, the polyampholytes demonstrated intermolecular interactions via electrostatic
complexation between positive and negative moieties. This study suggests that the pH
sensitive CPAs can be used as a useful signaling platform for design of various fluorescent

biological assays.

Figure 23: Structures of two water soluble conjugated polyampholytes
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2 Hydrophilicity control of conjugated polymers by

post-polymerization modification

2.1 Introduction

Conjugated polymers are a class of organic materials which have unique physical and

43-45

chemical properties. Conjugated polymers have been widely used in material industry

and played a very important role as they have many obvious advantages. The advantages

are the biocompatibility, flexibility, and tunability of their optical, electronic and mechanical

64-68

properties which can be modulated by chemical functionalizations. Conjugated

polymers’ hydrophilicity has a large impact on the efficiency of many practical applications,

because hydrophilicity affects conjugated polymers’ wettability, paintability,

69-72

biocompatability, anti-electrostatic properties. For example, as conjugated polymers

have excellent light-harvesting and light-amplifying properties, they have been applied as

73,74

promising fluorescent probes in biology fields. Conjugated polymers are used as probes

which can detect biomacromolecules such as proteins, antibodies, and DNA via electrical,

. . . 75-7
electrochemical, photoluminescent and chemoluminescent responses.””’®

Clearly the
solubility in aqueous solution of conjugated polymers is essential for interfacing with the
biomacromolecules which are only soluble in aqueous media. Improving the hydrophilicity
of conjugated polymers to enable dissolution in aqueous media is fundamental to fulfil the
biological applications.””™®!

In addition, water/alcohol soluble conjugated polymers have been used in organic

82-84

optoelectronic devices. The excellent solubility of conjugated polymers in highly polar

solvents is desirable for fabricating multilayer devices without interface mixing through the

deposition of different layers from orthogonal solvents.>%

Improving polymer
hydrophilicity can ensure that conjugated polymers dissolve in highly polar solvents.
Besides, the issues of bonding and finishing of many conjugated polymers are mainly due to
the low hydrophilicity of their surfaces.®® Take conjugated polymer membranes for an
example and a problem is fouling which is caused by undesired interactions, generally of

colloids, with the membrane materials. The consequence is a sharp decrease in permeate

flux and changing solute selectivity over operation time, which has detrimental effects on
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the efficiency of the membrane process. To improve the anti-fouling ability of the
membrane, an effective method is needed to impart hydrophilic groups in conventional
hydrophobic membrane materials 28788

Poly(ethylene glycol) methyl ether (PEG) is very hydrophilic and commonly used to impart

8991 Also, the antifouling abilities of PEG have been

hydrophilicity to a hydrophobic surface.
reported in many research papers.92 In this chapter, we report an effective and facile
approach to modify the conjugated polymers hydrophilicity by grafting PEG and its
analogues to a hydrophobic conjugated backbone by post-polymerization (Figure 24). A
series of side chains with increasing hydrophilicity were grafted to the conjugated backbone,
and the hydrophilicity of resulting conjugated polymers was improved gradually. The
contact angle of starting F8FBT was 101.4°, however, after grafting PEG (M,= 10,000 g/mol)
to conjugated backbone, the contact angle of F8BT-PEG decreased dramatically to only

31.0°. Furthermore, the solubility of F8BT-PEG in polar solvents (like methanol, DMSO,

water) increases as expected while the starting F8FBT is only soluble in non-polar solvents.

FS8FBT FS8BT-OR

Figure 24 Nucleophilic substitution reaction by post-polymerization

2.2 Synthesis of monomers and polymers

First, 2, - 7- dibromofluorene was reacted with 1-bromooctane in a two-phase system
composed of toluene and NaOH aqueous solution (50 wt%). As toluene and NaOH aqueous
solution are immiscible systems, tetrabutylammonium bromide was used as the
phase-transfer catalyst in this reaction. After reaction, the crude product was purified by
column chromatography using hexane as the eluent to give pure monomer 2.3 (yield 75%).
The dibromide was converted into the required boronic ester by treatment with n-Buli,

followed by quenching of the dianion with 2-isopropoxy-4, 4, 5, 5-tetramethyl-1, 3, 2
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dioxaborolane. The crude product was recrystallized from acetone to give pure monomer
2.5 (yield 55%). Using typical Suzuki reaction condition, equimolar quantities of monomer
2.5 were reacted with 4, 7-dibromo-5-fluoro-2, -1, -3-benzothiadiazole to give F8FBT (yield
72%). After reaction, the polymer was purified by Soxhlet washing with methanol first, then
acetone, followed by hexane and chloroform for 24 hours each respectively. The Soxhlet
extraction removes lower molecular weight oligomers and catalyst residues to afford FSFBT
with lower polydispersity and higher molecular weight.

The synthesized F8FBT (M,= 38,500 g/mol, M,,= 65,100 g/mol, PDI= 1.69) was soluble in
typical organic solvents, such as toluene, THF, chloroform and chlorobenzene at room
temperature. Following successful synthesis of F8FBT, the fluoride displacement reactions
were optimized. Typically aprotic solvents perform best for SyAr reactions, but the polymer
was not soluble in DMSO alone. Therefore, a mixed solvent of chlorobenzene and DMSO
was utilized in presence of KOH at 120°C. The nucleophilic aromatic substituted reactions
were all monitored by PE.NMR spectroscopy. We checked that the F8FBT did not react with
KOH alone under these conditions. The substituted reactions were complete when **F-NMR
did not demonstrate any fluorine signal, typically after 48 h. After reaction, the products
were precipitated into methanol, then purified by Soxhlet washing with acetone (24 hours)
to give the substituted polymers. However, F8BT-PEG was soluble in methanol due to the
grafted hydrophilic side chain, PEG. For this polymer, the reaction solvent was removed
when reaction was complete, then the remaining polymer was dissolved in deionized water.
The excess PEG was removed by dialysis for 2 days and pure F8BT-PEG was obtained. All
substituted polymers are characterized by *H and °F-NMR.

Diffusion ordered spectroscopy (DOSY) has been successfully used to evaluate the purity of
copolymers and the proportion of residual homopolymers.”® F8BT-PEG was also confirmed
by DOSY NMR. In DOSY NMR, each component in a mixture can be pseudo-separated, based
on its own diffusion coefficient.’® The DOSY NMR of F8FBT and PEG mixtures were
investigated (Appendix Figure 12). Clearly, the proton signals consisted of three parallel
signal lines, and the first signal line belonged to the deuterated solvent (CDCls). The second
and third signal lines were PEG and F8FBT respectively. Clearly in the mixture different
diffusion coefficients were found for F8FBT and PEG from the two separated signal lines.

The DOSY NMR of the F8BT-PEG graft was also investigated (Appendix Figure 13). As
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expected, there was only one signal line which meant all the protons were from F8BT-PEG,

indicating the high purity of F8BT-PEG.
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Scheme 1: Synthesis of monomers and substituted polymers.95
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Table 1: Molecular weights of polymers (polystyrene as standards, chlorobenzene as

solvent)

Polymer M.(KDa) M, (KDa) DP,? DP,.” Py’
FSFBT 38.5 65.1 71 120 1.69
F8BT-OCz 37.5 74.2 57 113 1.98
F8BT-2 45.4 78.3 70 121 1.72
F8BT-3 54.1 89.3 78 129 1.65
F8BT-4 55.2 88.1 75 120 1.60
F8BT-5 50.8 83.9 66 110 1.65
F8BT-6 49.9 85.4 62 107 1.71
F8BT-PEG - - - - -

“Degree of polymerisation calculated from M.,
bDegree of polymerisation calculated from M,,.
Dy, calculated from M,,/M,,.

The molecular weights of the polymers were all determined using gel permeation
chromatography (GPC) in chlorobenzene and are summarized in Table 1. As the substituted
polymers are all from the same batch of F8FBT, we would expect similar M,, and dispersity
for all polymers. Some small variance may be due to the work-up and purification.
Inspection of Table 1 shows that the observed M,, and M,, gradually increase as the length
of the hydrophilic chain increased from diethylene glycol monomethyl ether (m= 2) to
tetraethyleneglycol monomethyl ether (m= 4), before slightly decreasing for 2, 5, 8, 11, 14
pentaoxahexadecan-16-ol (m= 5) and hexaethylene glycol (m= 6). The hydrophilic
ethylhexanol chain exhibits a similar profile to the starting polymer. Therefore, we believe
the changes observed are due to a change in hydrodynamic radius in chlorobenzene
solution. We note that we could not measure F8BT-PEG molecular weight by GPC under
these conditions. This may be due to the adsorption of F8BT-PEG onto the surface of GPC

stationary phase, which limits the reproducibility and separation efficiency.’®®’
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2.3 Optical properties

2.3.1. Absorption spectra

The UV-Vis absorption spectra of F8FBT, F8BT-OCg, F8BT-m (m= 2, 3, 4, 5, 6) and F8BT-PEG
at room temperature in chloroform solution and thin films are shown in Figure 25 and the
data of optical properties is summarized in Table 2. Clearly, both in solution and thin films,
all polymers demonstrate two absorption bands, a high energy band corresponding to the
m-rt* transition around 330 nm and a low energy band of 450 nm corresponding to
intramolecular charge transfer (ICT) between the electron donating unit and electron
accepting unit.>®®® In chloroform solution, the starting F8FBT has a high energy band with

peak at 319 nm and a low energy band with peak at 440 nm.
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Figure 25 UV-Vis absorption spectra of polymers in chloroform solution (A) and thin film (B)
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After the fluorine on the conjugated backbone is substituted by a series of increasingly
hydrophilic side chains, the two absorption bands of synthesized polymers both
demonstrate a slight red shift in chloroform solution. For the absorption maxima (Amax) of
the high energy band of F8BT-OCs, F8BT-m (m= 2, 3, 4, 5, 6) and F8BT-PEG, they
demonstrate a 12 nm red shift in chloroform solution compared with F8FBT. Unlike the
absorption maxima (Ayax) of the high energy band, the absorption maxima (Amax) of the low
energy band of F8BT-OCg, F8BT-m (m= 2, 3, 4, 5, 6) and F8BT-PEG demonstrate a smaller red
shift, around 2-5nm. The shifts can be related to a change in the nature of the backbone
substituent, from electron withdrawing fluorine to an electron donating oxygen.

The two absorption bands of F8FBT have almost same absorption intensity in chloroform
solution. However, the intensity of ICT of F8BT-OCs, F8BT-m (m= 2, 3, 4, 5, 6) and F8BT-PEG
is clearly weaker than the high energy band absorption intensity, which is very different
from F8FBT. The intensity difference in the ICT is related to the change in electron accepting
ability of the BT comonomers as the electron deficient fluorine is replaced by electron
donating oxygen. Noticeably, from short side chain 2-ethyl-1-hexanol to very long side chain
PEG, the length of side chain has little influence on absorption in chloroform solution,
suggesting the electronics are similar.

In the solid state, the substituted polymers demonstrate similar trends as in chloroform
solution. First, the substituted polymers all demonstrate a slight red shift both in high
energy band and low energy band compared with F8FBT. Second, the intensity of ICT is also
weaker than high energy band intensity, which has been discussed in chloroform solution.
From the 2-ethyl-1-hexayloxyl to the hexaethylene glycol, clearly the length of side chain
has little influence on absorption in solid state. However, when the side chain is PEG (M=
10,000 g/mol), the intensity of the ICT band is noticeably lower. There are many studies
about the effect of side chain on optical properties, but to my knowledge, the side chain as
long as PEG (M,= 10,000 g/mol) is not reported. The reduction in the low energy band
absorption intensity is maybe due to the weaker interchain interactions with the very long
side chain.”® The F8FBT, F8BT-OCg, F8BT-m (m= 2, 3, 4, 5, 6) and F8BT-PEG have the
following optical band gaps (measured from the absorption onset in thin film): 2.45 eV, 2.44
eV,2.44eV,2.45¢eV,2.44 eV, 2.45¢eV, 2.44 eV, 2.46 eV. Clearly, all the polymer have almost
same band gap. From the data from absorption in solid states, the effect of side chain length

on optical band gap is limited.
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2.3.2. Emission spectra

The photoluminescence (PL) spectra of polymers in chloroform solution and thin films are
shown in Figure 26. The emission maxima (Aem max) Of the polymer solution and thin film PL
spectra are summarized in Table 2. All polymers demonstrate broad emission profiles with
emission maxima in the green region of the spectrum. All polymers were excited at the

absorption maximum of the low energy band.
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Figure 26 Emission spectra of polymers in chloroform solution (A) and thin film (B).

In chloroform solution, the Aem, max Of F8FBT is 532 nm. For F8BT-OCs, F8BT-m (m= 2, 3, 4, 5,
6) and F8BT-PEG, they have an almost same Aem max Of 546 nm in chloroform solution, which
is a large solution Stokes shift (A A so) of 104 nm. However, the thin film emission maximum

of F8FBT (538 nm) is slightly red shifted in comparison to solution (532 nm). Also, the solid
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state Aem, max (550-556 nm) of substituted polymers were slightly red shifted in comparison
to chloroform solution (546 nm).

The absorption and emission of polymers in toluene solution were also investigated.
(Appendix Figure 1, 2) The emission maxima of F8FBT is 506 nm, while the emission maxima
of F8BT-OCg, F8BT-m (m= 2, 3, 4, 5, 6) and F8BT-PEG is 535 nm. The emission maxima of all
the polymers are blue shifted in toluene compared to chloroform solution. The red shift of
the emission maxima (Aem max) in the more polar solvent (chloroform) suggests a polar
excited state that is stabilized through interactions with a polar solvent. In more polar

solvents, the ICT state is stabilized and therefore more likely to be the lowest in energy.'®

Table 2 Optical properties of polymers in chloroform solution and thin film

Polymer  Aups, max Aabs max Eg(opt) €V Aem, max (SOI) AN (sol)  Agm max(film) A X (film)
sol) nm InHm) nm nm nm nm nm
(sol) (film)
FSFBT 319°,440°  319%452°  2.45 532 92 538 88
F8BT-OC;  331°,445° 334°454° 2.44 548 103 554 100
F8BT-2 331°,442°  335°454°  2.44 546 104 556 102
F8BT-3 331°,442° 335°455° 245 546 104 556 101
FSBT-4 331°,442° 336°455° 244 546 104 555 100
F8BT-5 331° 442° 335°456°  2.45 546 104 556 100
FSBT-6 3317, 442° 336°455°  2.44 546 104 554 99
FS8BT-PEG  331°,442° 335°454° 246 546 104 550 9%

“ Amax Of high energy band.
b Amax Of low energy band.
Aabs, max(501) NM, Aemn max (s0l) nm and AA (sol) nm were all investigated in chloroform solution.

2.4 Electronic properties

To investigate the electronic properties of substituted polymers, the solid state electronic
properties of F8FBT, F8BT-OCs, F8BT-m (m= 2, 3, 4, 5, 6) were investigated using cyclic

voltammetry (CV).
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Figure 27: CV of thin films of F8FBT, F8BT-OCsz and F8BT-m (m= 2, 3, 4, 5, 6) in acetonitrile/ [n—BusN]PFg
solutions (0.1 M) at a scan rate of 0.1 V/s.
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Samples were prepared by drop-casting solution on the Pt rod surface. Samples were
measured in anhydrous, degassed solutions of acetonitrile with tetrabutylammonium
hexafluorophosphate (0.1 M) electrolyte using an Ag/Ag" as reference electrode. The cyclic
voltammograms of all polymers are demonstrated in Figure 27 and the electronic properties
are summarized in Table 3. The HOMO level of each polymer was estimated from the onset
of oxidation, assuming that the ferrocene/ferrocenium reference redox system is 4.8 eV
below the vacuum level.'®*% The LUMO levels are approximated by adding the optical
band gap to the HOMO levels estimated using CV.

The HOMO energy level of polymers can be calculated from the onset oxidation potential
Eox(onset), based on the reference energy level of ferrocene (4.8 eV below the vacuum level).
The molecular orbital energy levels are calculated from the cyclic voltammetry and Eqp

according to the following equations:

Eyomo = —(Eox(onsery +4-8 — Epoc)
Eiymo = Enomo + Eop

Eroc is the potential of external standard, ferrocene/ferricenium ion (F,./Foc:) couple. The
solution of ferrocene in acetonitrile (0.01 M) was used as the external standard (Appendix
Figure 4). The HOMO level of F8FBT s -6.09 eV, which is very similar to the literature value
(-6.01 eV).'® As fluorine is more electron deficient than alkoxy substituted side chains, the
HOMO level of the F8FBT is deeper than the alkoxy polymers. As the substituted polymers
only differ by the length of side chains, it is not surprising that they demonstrate very similar
electronic properties. The HOMO level of F8BT-OCg and F8BT-m (m= 2, 3, 4, 5, 6) are -5.77
eV, -5.73 eV, -5.73 eV, -5.72 eV, -5.69 eV, -5.67 eV respectively. As F8BT-PEG is soluble in
acetonitrile, it could not be measured by CV as a thin-film, and was therefore measured by

air photoemission spectroscopy (APS).
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Table 3: Electronic properties of polymers

Material HOMO? LUmo® I.P.,eV* ‘LUMO’ eV* Eg(opt)
eV (CV) eV (CV +Egpy) (APS) (APS +Eg(opt)) eV
F8FBT -6.09 -3.68 -6.07 -3.65 2.45
F8BT-0Cs  -5.77 -3.38 -5.82 -3.41 2.44
F8BT-2 -5.73 -3.33 -5.67 -3.24 2.44
F8BT-3 -5.73 -3.33 -5.67 -3.24 2.45
F8BT-4 -5.72 -3.29 -5.71 -3.28 2.44
F8BT-5 -5.69 -3.31 -5.73 -3.31 2.45
F8BT-6 -5.67 -3.31 -5.81 -3.40 2.44
F8BT-PEG -5.82 -3.36 2.46

“Measured by CV, error +0.05 eV

*Estimated by adding Eg(opt)
‘lonisation potentials measured from APS, error + 0.05 eV
“Estimated by adding Eg(opt)
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2.5 Air photoemission spectroscopy measurements

APS exploits the photoelectric effect by measuring the number of photoelectrons that are
emitted from a sample illuminated by tuneable monochromatic UV light. Photoelectrons are
only emitted from the sample if the photon energy is greater than the depth of the HOMO,
and so the HOMO level can be determined by scanning the excitation photon energy and
measuring the photocurrent.’® The ionisation potential levels of substituted polymers are
investigated by APS (Figure 28). The ionisation potential level of F8FBT is — 6.07 eV by APS,
which is very close to the HOMO level measured by CV. The ionisation potential levels are
-5.82 eV, -5.67 eV, -5.67 eV, -5.71 eV, -5.73 eV, -5.81 eV and -5.82 eV for F8BT-OCg, F8BT-m
(m=2, 3, 4, 5, 6) and F8BT-PEG respectively. A rough estimate of the LUMO levels of each
polymer can be calculated by adding the optical band gap Egopt) Onto the ionisation potential
levels measured by APS. However, the optical band gap does not take into account the
exciton binding energy, so the LUMO levels in Table 3 using this method are

approximations.
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Figure 28 lonisation potentials of polymers measured by APS




In order to have a better understanding of energy levels of substituted polymers, the energy
levels of substituted polymers are demonstrated in Scheme 2 (data from APS and Eg).
Compared with F8FBT, the HOMO and LUMO energy levels of substituted polymers both
increase. This is maybe due to the alkoxy substituted polymers being more electron rich
than the fluorine substituted polymer. Previous work on fluorine substituted polymers has
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shown that fluorine stabilizes both the HOMO and LUMO energy levels equally.” This work

appears to validate these previous observations.
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Scheme 2 Energy levels diagram of the polymers (calculated from APS and Egopy)).

2.6 Thermal properties

Differential scanning calorimetry (DSC) has been widely applied to explore the crystallinity
and thermal behaviours of polymers. The thermal behaviours of F8FBT, F8BT-OCs, F8BT-m
(m=2, 3, 4, 5, 6) and F8BT-PEG were investigated using DSC on powder samples under
nitrogen (Figure 29). For F8FBT, there is one relatively strong and broad endothermic
transition measured, which onsets at around 226 °C and peaks at 262°C. This transition is
likely the result of the polymer melting. Upon cooling, the side chain solidify, giving one
exothermic transition. The transition onsets at 154 °C and peaks at 138 °C. This transition is

due to the polymer crystallization.
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Figure 29: DSC heating and cooling curves of polymers between 30 °C and 300 °C at 20 °C/min.
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The two peaks at 262°C and 138 °C are F8FBT’s melting point and crystal point respectively,

which are very similar to the literature.’®

After the fluoride on conjugated backbone
substituted, the thermal properties of substituted polymers become very different from
F8FBT. In the heating cycles between 30 °C and 300 °C, there is clearly no endothermic or
exothermic transition for F8BT-OCs and F8BT-m (m= 2, 3, 4, 5, 6). However, for F8BT-PEG,
in the heating cycles between 30 °C and 300 °C, there is one strong endothermic transition
measured, which onsets at around 53 °C and peaks at 60 °C. Upon cooling these side chains
solidify, giving one exothermic transition, which onsets at 43 °C and peaks at 38 °C. Also, we
know the melting point and crystal point for only PEG are 66 °C and 40 °C respectively®’.
Clearly, the side chain PEG plays a dominant role in the crystallinity and thermal behaviors

of F8BT-PEG.

2.7 Hydrophilicity

The alkoxy substituted FBBT-OCg and F8BT-m (m= 2, 3, 4, 5, 6) all have the same solubility as
F8FBT. They are all soluble in organic solvents, like chloroform, THF and chlorobenzene, but
insoluble in polar solvents, like methanol and acetonitrile. However, when grafting the PEG
(M,= 10,000 g/mol) to the conjugated backbone of F8FBT, then the F8BT-PEG becomes not
only soluble in chloroform and THF, but also soluble in polar solvents, such as methanal,
DMSO or water. The change of solubility is due to the very hydrophilic grafted long chain
PEG. Figure 30 shows the solubility of F8BT-PEG in polar solvents.

— L
- | | 2.
= S =
Water Methanol DMSO

Figure 30 F8BT-PEG soluble in polar solvents (1 mg/ml)
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In order to investigate the hydrophilicity of substituted polymers more quantitatively, one
experiment was performed to sequentially add water into the THF solution of substituted
polymers (2.5 mg/ml) until a set transmittance was reached. The THF solution will become
cloudy when H,0 added because F8FBT, F8BT-OCs and F8BT-m (m= 2, 3, 4, 5, 6) were not
soluble in H,0. The side chain of F8BT-6, hexaethylene glycol (m= 6), is very hydrophilic. No
matter how much water added, the transmittance of THF/water solution of F8BT-6 is still
around 63% of the original transmittance of THF solution (without H,0). Therefore we
investigated the hydrophilicity of substituted polymers by adding H,O until 65% of the
original THF solution transmittance was reached. For example, the transmittance of F8FBT
at 550 nm (only THF solution) was 83%. When 80 pL water was added to 3 ml THF solution
(2.5 mg/ml), the transmittance at 550 nm decreased to 54%, which was around 65% of the
original transmittance. The water fraction in the THF/water mixtures for F8FBT was then
2.6%  (0.08/3.08 x 100% = 2.6%) (Figure 31). The other polymers were also measured the
transmittance at 550 nm by adding H,O to the original THF solution until the set
transmittance was reached. For substituted polymers, the hydrophilicity increases from
2-ethyl-1-hexanol to hexaethylene glycol (m= 6), indicating more water needed to cause

precipitation. The data is collected and summarized in Table 4.
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Figure 31 THF solution of F8FBT with H,0
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Table 4 Water needed for a set transmittance

Polymers FSFBT | F8BT- | F8BT- | F8BT- | F8BT- | F8BT- | F8BT- | F8BT-
0Cs 2 3 4 5 6 PEG

H,0/(THF+H,0)%

(V:V) 2.6% | 4.6% | 12.9% | 15.3% | 28.6% | 41.9% | 453% |  _

As F8BT-PEG is both water and THF soluble, the transmittance of solution did not change
when water added. From the data in Table 4, clearly as the length of the ethylene glycol
increases, the solubility in polar mixtures increases. According to the data in Table 4, the

hydrophilicity of conjugated polymer can be modulated by the side chain.

2.8 Contact angle measurement

Contact angle measurement is a convenient and viable method to determine surface

hydrophilicities.108

A hydrophilic surface allows a drop of water to spread more than a
hydrophobic surface as there is less resistance (tension) at the surface. Therefore, the
contact angle between the water drop and the surface is smaller than that detected for a
hydrophobic surface. Here, we use the contact angle measurement to investigate the
hydrophilicity of substituted polymers. Thin films (5 mg/ml) were formed by spin-coating
onto quartz substrates. Figure 32 demonstrates the water contact angle images of the
polymer films and the contact angle data was summarized in Table 5. The contact angle of
the F8FBT is 101.4°, while the contact angle of F8BT-OCg and F8BT-m (m= 2, 3, 4, 5, 6)
decrease gradually after grafting increasingly hydrophilic side chains. The contact angle data
decrease gradually from 100.8° (F8BT-OCg) to 85.6° (F8BT-6). Clearly, the more hydrophilic
the side chains become, the smaller the contact angle will be. When the side chain is PEG,
the F8BT-PEG becomes soluble in polar solvents, such as DMSO and water. The contact
angle data of F8BT-PEG drop dramatically to 31.0°. The contact angle of pure PEG film is

reported to be around 25°.*% Clearly, the dramatic decrease of contact angle was due to the

hydrophilic PEG chain.
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F8BT-PEG

Figure 32. Water contact angle pictures of F8FBT and substituted polymers

The data of contact angles demonstrates the same trend as solution hydrophilicity
measurement discussed in 2.7. The data of contact angle measurement demonstrate that
the hydrophilicity of polymers can be modulated by nucleophilic aromatic substitution
guantitatively. Figure 33 shows the contact angle changes with increasingly hydrophilic side

chains.
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Figure 33 Contact Angle of F8FBT and the substituted polymers

Table 5 Contact Angle measurement

Polymers °F8FBT | °F8BT- | F8BT- | °F8BT- | °F8BT- | °F8BT- | °F8BT- | °F8BT-
0Cg 2 3 4 5 6 PEG

Contact Angle | 101.4°+ | 100.8°+ | 99.7°+ | 92.9°+ | 92.0°+ | 90.9°+ | 85.6°+ 31.0°+
1.3° 1.1° 1.3° | 16° 1.6° 1.4° 1.0° | 1.2°

“Average of five measurements

2.9 Conclusions

The conjugated polymers with increasingly hydrophilic side chains have been synthesized by
nucleophilic aromatic substitution via post-polymerization. The optical, electrical and
thermal properties of substituted polymers have been investigated in this chapter. The
results demonstrate that by increasing the length of the ethylene glycol side chain, the
hydrophilicity of the polymer can be carefully tuned. However, the energetics and band gap
of the polymers remain essentially constant. This method therefore allows a variety of side

chains to be readily introduced into the polymer backbone.
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2.10 Experimental methods

2.10.1 CV measurement

CV was carried out with a standard three-electrode cell in a 0.1 M tetrabutylammonium
hexafluorophosphate ((TBA)PF¢) solution in acetonitrile at room temperature with a
scanning rate of 0.1 V s™. A Pt rod working electrode (1.6 mm diameter), a Pt wire counter
electrode, and an Ag/AgCl reference electrode were used. The oxidation potentials were
calibrated with a standard ferrocene/ferrocenium (FOC) redox system as the standard
(assuming the energy level of FOC is 4.8 e V below vacuum) for estimating the HOMO
energy level of polymers. Samples were prepared by drop-casting solution on the Pt rod

surface.

2.10.2 APS measurement

Measurement of APS was made using the KP technology APS-04 instrument. For APS
measurements, the sample was illuminated with UV light from a monochromatic deuterium
lamp source (4—7 eV). The raw photoemission data were corrected for offset and the cube
root was taken, with the ionisation potential value found from the extrapolated intersection

of the straight-line fit of the cube root of the photoemission with the baseline.

2.10.3 Contact angle measurement

A Kriiss DSA100E goniometer was used to carry out contact angle measurements using the
static sessile drop method. All measurements took place at 25° C at a humidity of 65%. Thin
films were spin coated onto quartz substrates at 2000 rpm from 5 mg/mL polymer solutions.
Prior to spin-coating, quartz substrates were washed sequentially by soap water, acetone
and isopropanol. Quartz substrates were then dried by flushing with nitrogen. For each
measurement, a 5 L drop of deionised water was suspended at the end of a needle and
slowly brought into contact with the sample. Contact angles were measured 30 seconds
after the withdrawal of the needle tip from the droplet to allow the drop time to equilibrate
on the sample surface. Drop shapes were then fitted using the polynomial method. Each
guoted contact angle was calculated from an average of five measurements made on the

same sample.
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2.10.4 Materials

2, 7-Dibromofluorene (97%, Sigma Aldrich), 1-bromooctane (98%, TCI Chemicals),
tetra-n-butylammonium bromide (98%, Sigma Aldrich ), 2-isopropoxy, 4, 4, 5, 5-tetramethyl-
1, 3, 2-dioxaborolane(98%, Sigma Aldrich), 4, 7-dibromo-5-fluoro-2, 1, 3
benzothiadiazole(96%, Sigma Aldrich), n-Butyllithium solution (1.6 M in hexanes, Sigma
Aldrich),  tetrakis(triphenylphosphine)palladium(0)(99.9%, Strem  Chemicals  UK),
2-ethyl-1-hexanol (99.6%, Sigma Aldrich), diethylene glycol monomethyl ether (99%, Sigma
Aldrich), triethylene glycol monomethyl ether (95%, Sigma Aldrich), 2, 5, 8 ,11, 14
pentaoxahexadecan-16-ol (98%, fluoroChem), hexaethylene glycol (97%, Sigma Aldrich
)tetraethyleneglycol monomethyl ether (Technical Grade, Sigma Aldrich), hexaethylene
glycol (97%, Sigma Aldrich ), poly(ethylene glycol) methyl ether (average M,= 10,000 g/mol,
PDI < 1.2, Sigma Aldrich) and Slide-A-Lyzer Dialysis Cassettes (20K MWCO, 3ml)
(ThermoFisher SCIENTIFIC) were used as received. Other chemical reagents were analytical

grade and used as received. Deionized water from our lab was used in this experiment.

2.10.5 Synthesis

2, 7-Dibromo-9, 9-dioctylfluorene.*°

CgHq7-CgH17
BrBr

2, 7-Dibromofluorene (2.00 g, 6.17 mmol), 1-bromooctane (2.63 g, 13.6 mmol), toluene (20
mL), 2ml NaOH (50 wt%) and tetrabutylammonium bromide (0.2 g, 0.6 mmol) were heated
at 90 °C for 24 h. After cooling, mixture was diluted with ethyl acetate (50 ml) and the
organic layer was washed with water (3 times, 3x 20 ml). The combined organics were dried
over MgS0,, and the solvent was removed under reduced pressure. The crude product was
purified over silica gel column using hexane to give 2.57 g of white solid. (Yield 75%)
'H-NMR (400 MHz, CDCl3) & 7.56 — 7.52 (m, 2H), 7.50 — 7.45 (m, 4H), 2.00 — 1.87 (m, 4H),
1.30-0.99 (m, 20H), 0.85 (t, /= 8.0 Hz, 6H), 0.59 (m, 4H).
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9, 9-Dioctyl-9H-fluorene-2, 7-diboronic acid bis (pinacol) ester **°

CgHq7

=a b opnss

To a solution of 2, 7-dibromo-9,9-dioctylfluorene (2.67 g, 4.87 mmol) in anhydrous THF (50
mL) at -78 °C was added, 7.3 mL (11.7 mmol) of n-butyllithium (1.6 M in hexane). The
mixture was stirred at -78°C for 60 minutes. 2-Isopropoxy-4, 4, 5, 5-tetramethyl-1, 3, 2
dioxaborolane (2.18 g, 11.7 mmol) was added rapidly to the solution, and the resulting
mixture was allowed to warm to room temperature and stirred for 24 h under argon. The
mixture was poured into water and extracted with diethyl ether (3 times, 3x 50 ml). The
organic extracts were combined and dried over MgS0O,4. The solvent was removed under
reduced pressure, and the residue was recrystallized from acetone to give 1.73 g white
solid. (Yield 55%)

'H-NMR (400 MHz, CDCl3) & 7.83 (m, 2H), 7.79 — 7.72 (m, 4H), 2.07 — 1.95 (m, 4H), 1.42 (s,
24H), 1.28 — 0.94 (m, 20H), 0.83 (t, J = 6.2 Hz, 6H), 0.56 (m, 4H).

FSFBT!!!

A mixture of 9, 9-dioctyl-9H-fluorene-2, 7-diboronic acid bis(pinacol) ester 5, (975.47 mg,
1.518 mmol), 4, 7-dibromo-5-fluoro-2, 1, 3-benzothiadiazole 6 (473.42 mg, 1.518 mmol),
tetrabutylammonium iodide (46 mg, 0.13 mmol) and Pd(PPhs)s; (35.1 mg, 0.0304 mmol)
were added to a high-pressure microwave vial. The vial was sealed with a septum and
degassed with argon before toluene (10 mL) and K,COs (2 M, 4 mL) solution were added.
The mixture was heated at 120°C for 72 h. The reaction was cooled to room temperature
and precipitated into methanol, stirred for 30 min and filtered through a Soxhlet thimble.

The precipitates were further purified by washing with methanol, acetone and hexane

62



under argon for 24 respectively. The polymer remaining in the thimble was then dissolved in
hot chloroform and precipitated into methanol to give 591 mg F8FBT (Yield 72%)

M,: 38.5 kDa, M,,: 65.1 kDa, M,,/M,, (P): 1.69

'H-NMR (400 MHz, CDCl5) 6 8.15 — 7.79 (m, 7H), 2.16 (m, 4H), 1.33 — 1.08 (m, 20H), 0.99 (m,
4H), 0.84 (m, 6H).

E_NMR (400 MHz, CDCl5) 6 -114.5 ppm

The 'H-NMR is in Appendix Figure 4.

F8BT-OCs

oﬁCﬁ
CgHq7-CsH17
L
[N
N\S/

A mixture of F8FBT (54 mg, 0.1 mmol) and KOH (112 mg, 2.0 mmol) were added to high
pressure microwave vial. The vial was sealed with a septum and degassed with argon before
anhydrous chlorobenzene and DMSO (3:1, v:v, 8 ml total) and 2-ethylhexanol (26 mg, 0.2
mmol) were added. The solution was heated at 120°C for 2 days. After reaction, the
solution was precipitated into methanol dropwise, stirred for 30 min and filtered through a
Soxhlet thimble. The precipitates were further purified by washing with acetone under
argon for 24 h and the polymer was extracted with chloroform. Dry chloroform solution to
yield F8BT- OCg (52 mg, 82% yield).

M,: 37.5 kDa, M,,: 74.2 kDa, M,,/M,, (D): 1.98

'H-NMR (400 MHz, CDCl3) & 8.17 — 7.74 (m, 7H), 4.22 (m, 2H), 2.17 (m, 4H), 1.81 (m, 2H),
1.44 (m, 2H), 1.32 (m, 8H), 1.19 (m, 20H), 1.01 (m, 4H), 0.92 (t, J = 6.0 Hz, 3H), 0.83 (t, /= 6.0
Hz, 6H).

SELNMR (400 MHz, CDCl3) shows no fluorine signal

The 'H-NMR is in Appendix Figure 5.
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F8BT-2

A mixture of F8FBT (82 mg, 0.152 mmol) and KOH (170.5 mg, 3.04 mmol) were added to
high pressure microwave vial. The vial was sealed with a septum and degassed with argon
before anhydrous chlorobenzene and DMSO (3:1, wviv, 8 ml total) and
2-(2-methoxyethoxy)ethanol (36.5 mg, 0.304 mmol) were added. The solution was heated
at 120°C for 2 days. After reaction, the solution was precipitated into methanol dropwise,
stirred for 30 min and filtered through a Soxhlet thimble. The precipitates were further
purified by washing with acetone under argon for 24 h and the polymer was extracted with
chloroform. Dry chloroform solution to yield F8BT-2 (75 mg, 77% yield).

M,: 45.4 kDa, M,,: 78.3 kDa, M,,/M,, (D): 1.72

'H-NMR (400 MHz, CDCls) 6 8.23 — 7.72 (m, 7H), 4.39 (m, 2H), 3.85 (m, 2H), 3.68 (t, J = 4.8
Hz, 2H), 3.57 (t, J = 4.4 Hz , 2H), 3.39 (s, 3H), 2.14 (m, 4H), 1.19 (m, 20H), 1.09 — 0.91 (m,
4H), 0.83 (t, J = 6.0 Hz, 6H).

ELNMR (400 MHz, CDCl;) shows no fluorine signal.

The H-NMR is in Appendix Figure 6.

F8BT-3

A mixture of F8FBT (72 mg, 0.133 mmol) and KOH (150 mg, 2.66 mmol) were added to high
pressure microwave vial. The vial was sealed with a septum and degassed with argon before

anhydrous chlorobenzene and DMSO (3:1, viv, 8 ml total) and triethylene glycol
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monomethyl ether (43.7 mg, 0.266 mmol) were added. The solution was heated at 120°C
for 2 days. After reaction, the solution was precipitated into methanol dropwise, stirred for
30 min and filtered through a Soxhlet thimble. The precipitates were further purified by
washing with acetone under argon for 24 h and the polymer was extracted with chloroform.
Dry chloroform solution to yield F8BT-3 (57.5 mg, 63% yield).

M,: 54.1 kDa, M,,: 89.3 kDa, M,,/M,, (D): 1.65

'H-NMR (400 MHz, CDCl;) & 8.33 — 7.68 (m, 7H), 4.38 (m, 2H), 3.86 (m, 2H), 3.67 (m, 6H),
3.54 (t, /= 4.4 Hz, 2H), 3.38 (s, 3H), 2.18 (m, 4H), 1.19 (m, 20H), 0.99 (m, 4H), 0.84 (t, J = 6.2
Hz, 6H).

SELNMR (400 MHz, CDCl3) shows no fluorine signal.

The 'H-NMR is in Appendix Figure 7.

F8BT-4

A mixture of F8FBT (75 mg, 0.139 mmol) and KOH (156 mg, 2.78 mmol) were added to high
pressure microwave vial. The vial was sealed with a septum and degassed with argon before
anhydrous chlorobenzene and DMSO (3:1, viv, 8 ml total) and tetraethyleneglycol
monomethyl ether (58 mg, 0.278 mmol) were added. The solution was heated at 120°C for 2
days. After reaction, the solution was precipitated into methanol dropwise, stirred for 30
min and filtered through a Soxhlet thimble. The precipitates were further purified by
washing with acetone under argon for 24 h and the polymer was extracted with chloroform.
Dry chloroform solution to yield F8BT-4 (69 mg, 68% vyield).

M,: 55.2 kDa, My,: 88.1 kDa, M,,/M,, (D): 1.60

'H-NMR (400 MHz, CDCl3) & 8.26 — 7.73 (m, 7H), 4.38 (m, 2H), 3.84 (m, 2H), 3.76 — 3.59 (m,
10H), 3.55 (t, J = 4.2 Hz, 2H), 3.38 (s, 3H), 2.31 — 1.97 (m, 4H), 1.19 (m, 20H), 0.99 (m, 4H),
0.83 (t, J = 6.2 Hz, 6H).
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SELNMR (400 MHz, CDCl3) shows no fluorine signal.
The '"H-NMR is in Appendix Figure 8.

F8BT-5

A mixture of F8FBT (65 mg, 0.120 mmol) and KOH (135 mg, 2.4 mmol) were added to high
pressure microwave vial. The vial was sealed with a septum and degassed with argon before
anhydrous chlorobenzene and DMSO (3:1, viv, 8 ml total) and 2, 5, 8, 11, 14
pentaoxahexadecan-16-ol (60.7 mg, 0.240 mmol) were added. The solution was heated at
120°C for 2 days. After reaction, the solution was precipitated into methanol dropwise,
stirred for 30 min and filtered through a Soxhlet thimble. The precipitates were further
purified by washing with acetone under argon for 24 h and the polymer was extracted with
chloroform. Dry chloroform solution to yield F8BT-5 (66 mg, 71% yield).

M,: 50.8 kDa, My: 83.9 kDa, M,,/M,, (D): 1.65

'H-NMR (400 MHz, CDCl3) & 8.16 — 7.83 (m, 7H), 4.38 (m, 2H), 3.83 (m, 2H), 3.74 — 3.60 (m,
14H), 3.55 (m, 2H), 3.38 (s, 3H), 2.15 (m, 4H), 1.19 (m, 20H), 0.99 (m, 4H), 0.82 (t, J = 6.2 Hz,
6H).

ELNMR (400 MHz, CDCl;) shows no fluorine signal.

The 'H-NMR picture is in Appendix Figure 9

F8BT-6
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A mixture of F8FBT (58 mg, 0.107 mmol) and KOH (120 mg, 2.14 mmol) were added to high
pressure microwave vial. The vial was sealed with a septum and degassed with argon before
anhydrous chlorobenzene and DMSO (3:1, v:v, 8 ml total) and hexaethylene glycol (60.4 mg,
0.214 mmol) were added. The solution was heated at 120°C for 2 days. After reaction, the
solution was precipitated into methanol dropwise, stirred for 30 min and filtered through a
Soxhlet thimble. The precipitates were further purified by washing with acetone under
argon for 24 h and the polymer was extracted with chloroform. Dry chloroform solution to
yield F8BT-6 (70.6 mg, 82% yield).

M,: 49.9 kDa, M 85.4 kDa, M,,/M, (P): 1.71

'H-NMR (400 MHz, CDCls) & 8.21 — 7.76 (m, 7H), 4.39 (m, 2H), 3.85 (m, 2H), 3.67 (m, 18H),
3.56 (m, 2H), 3.39 (s, 3H), 2.14 (m, 4H), 1.19 (m, 20H), 0.99 (m, 4H), 0.83 (t, J/ = 6.2 Hz, 6H).
SELNMR (400 MHz, CDCl3) shows no fluorine signal.

The "H-NMR is in Appendix Figure 10.

F8BT-PEG

A mixture of F8FBT (10.8 mg, 0.02 mmol), PEG (400 mg, 0.04 mmol, M,= 10,000 g/mol, PDI
<1.2) and KOH (22.4 mg, 0.4 mmol) were added to high pressure microwave vial. The vial
was sealed with a septum and degassed with argon before anhydrous chlorobenzene and
DMSO (3:1, v:v, 10 ml total) were added. The solution was heated at 120°C for 2 days. After
reaction, the solvent was removed by distillation and the residue was dissolved in deionized
water. Then the aqueous solution was injected into the dialysis cassettes by syringe (3ml
maximum for one cassette). The cassettes were incubated in deionized water for 2 days
with deionized water changed every 12 hours. The resulting aqueous solution was dried to
afford F8BT-PEG as a bright yellow powder (167 mg, 79% yield).

ELNMR (400 MHz, CDCl;) shows no fluorine signal.
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'H-NMR (400 MHz, CDCls) & 3.62 (m, 4H)

There was very weak proton signal from conjugated backbone of F8BT in 'H-NMR (see
Appendix Figure 11) and the accurate integrations were difficult. As the PEG has very high
molecular weight (M,= 10,000 g/mol, PDI<1.2), which means the proton signal is
tremendously more intensive than F8BT’s proton signal. That is the reason that the 'H-NMR
shows dominant PEG signal.

High purity was confirmed by DOSY NMR (Appendix Figure 12, 13).
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3 Conjugated polyelectrolytes with modulated density of

ionic groups as an interfacial layer in OPVs and OLEDs

3.1 Introduction

Conjugated polyelectrolytes (CPEs) have attracted considerable attention due to their
promising potential application in organic optoelectronic devices , chemo-/bio-sensors and

112-115

cell imaging. CPEs are polymers which consist of backbones with m-delocalized

electronic structures and pendant substituents with ionic groups (such as phosphate,

114116117 Bacause of

carboxyl, quaternary ammonium, anionic carboxyl and sulfonic groups).
the ionic nature of the side chains, CPEs can be soluble in polar solvents ( methanol,
DMSO and water)."**® The solubility in polar solvents of  CPEs makes  them

19,1201 particular,

promising as interfacial layer materials in organic electronic devices.
CPEs have been investigated widely as an interfacial layer in organic light emitting diodes
(OLED)***™*?2 and organic photovoltaic cells (OPV)****%. Balanced charge injection and
transport are important for highly efficient optoelectronic devices. By placing the CPEs
between the active layer and electrodes (both cathode and anode), the work function
(WF) of the adjacent metal electrode can be modified;*?”**® therefore, the energy
levels at the metal/semiconductor interface can be tuned. (Figure E'»4)129'130 The WEF
modification by CPEs results in their widespread applications in organic electronic
devices using the typical thin-film device structure of a metal/semiconductor/metal
configuration, in which energy level matching between the metal electrode and

active layer is quite important for achieving a high-performance device.**3?
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Figure 34 Energy levels of the metal/CPE/active layers in organic electronic devices. The introduction of a thin
CPE layer results in a vacuum level (E,..) shift at the metal/active interface by forming interfacial dipoles (L)
and decreases the effective WF (®.5), which is proportional to the magnitude (A) of the generated interfacial
dipoles. This process leads to a decreased electron injection barrier (,)."*’

It is well-known that a typical OPV device is usually composed of two materials which are
used as electron donor and acceptor to form a bulk heterojunction(BHJ). The power

conversion efficiency (PCE) cab be calculated in the following equation133:

pep _ Voo XJse X FE
P;
Clearly, the fundamental parameters that determine the PCE include four main factors: the
open-circuit voltage (Vo), the short-circuit current density (Js.), the fill factor (FF) and the
power of the incident light P;,. Significant improvements in PCE are due to the combined
improvements in materials design, interface control, self-assembly of donor and acceptor
phases, and device fabrications. CPEs have been widely utilized as the distinguished organic
interfacial layers. This is because the chemical structure can be tailored and the interfacial
compatibility can be greatly improved to achieve excellent optoelectronic properties. For
example, the Lie Chen group synthesized n-type CPEs as electron transport layers (ETLs) and
the solar cell performance was significantly improved from 6.8% (without CPE ) to 8.3% for

the fullerene system and improved from 9.0% (without CPE) to 10.57% for the non-fullerene
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system™*

. Novel CPE interlayer material, PFS-FTEG (Figure 35), was synthesized via Suzuki
polycondensation in water by the Jones group. The inverted OPV and perovskite devices,
with maximum PCE of 15.1% (perovskite), were fabricated through incorporation of

ZnO/PFS-FTEG as an interlayer.'*
S

SNL

O,

S~y

PFS-FTEG
NaO;S SO;Na

Figure 35 Structure of PFS-FTEG™

Generally, OLEDs are thin-film multilayer structures composed of a hole-transporting, an

emitting, and an electron-transporting layer sandwiched between two electrodes.**” Th

e
CPEs interfacial layers can facilitate holes and electrons entering into the emissive layer
from their corresponding electrodes, leading to an increase in device performance by
maintaining more balanced charge injection and transport. Much research has focused on
the exploration of CPEs interfacial layers and on maximizing their brightness and power
efficiency, while lowering their turn-on voltage. The Kim group reported a high performance
green-emitting F8BT OLED with CPE electron injection layer (EIL) comprising different
ni-conjugated backbone structures (F8imBT-Br and F8im-Br) (Figure 36). The F8imBT-Br/Al
device demonstrated 10.8 cd A™ and 14.3 Im W' at 100 cd m™ and 15.5 cd A and 16.5 Im
W™ at 1000 cd m™2.*® The Friend group demonstrated improvement in OLED by employing
a series of CPEs as an hole transport layer (HTL). In particular, the optimized OLEDs with

PCPDT-K exhibit a maximum luminous efficiency (LE) of 25.97 c¢d A and external quantum

efficiency (EQE) of 5.66%.%°
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138,139

Much effort has been paid to the development of new CPEs interlayer materials to fulfil

versatile applications in optoelectronic devices. For examples, many types of highly polar

140,141 142,143 144-146

pendant groups (such as cationic, anionic, zwitterionic and neutral pendant

147,148 149-151

groups ) and conjugated main chain building blocks (such as fluorene,

152,153 154,155 156,157

carbazole, triphenylamine, thiophene ) have been used to design CPEs as

138 The density of the ionic group is an important parameter which will

interfacial layers.
influence the electrical properties of CPEs. However, to my knowledge, the research about
the density of ionic groups on conjugated backbone is limited in previous papers.159 A
guantitative analysis about ionic densities in the CPEs is necessarily to aid in the
understanding of CPEs as interfacial layers in organic optoelectronic devices. In this chapter,
three CPEs with same conjugated backbone but different densities of ionic groups have

been synthesized by post-polymerization. The effects of ionic densities on the energy level

tuning process at the CPE/metal interface in the OPVs and OLEDs have been investigated.

3.2 Synthesis

3.2.1 Synthesis routes

F8FBT was synthesized as discussed in Chapter 2 but with a different molecular weight

(M,= 26,000 g/mol, M,= 67,500 g/mol, PDI= 2.60). F8FBT was then reacted with
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3-mercapto-1-propanesulfonic acid sodium salt in solvent mixture of chlorobenzene and
DMSO (3:1, volume) to give conjugated polyelectrolytes with different densities of ionic
groups, CPE 50%, CPE 75% and CPE 100%. At first, we chose Na,COs as base to deprotonate
the thiol group of 3-mercapto-1-propanesulfonic acid sodium salt (Scheme 3). The solvent
was mixture of THF and DMSO (2:1, volume) and heated at 60 °C for 4 hours under argon.
The *F-NMR demonstrated that the substitution reaction was not complete for CPE 100%.
Even after prolonging the reaction time to 24 hours, the ’F-NMR demonstrated that there
was still obvious fluorine signal. Therefore we tried higher reaction temperature and the
reaction was heated at 120 °C (CB: DMSO=3:1) for 24 hours. There was still fluorine signal
from °F-NMR spectra remaining. K;CO3; was also used as base at 120 °C in the solvent
mixture of chlorobenzene and DMSO (3:1, volume) for 24 hours. However, the PE-NMR
demonstrated that the reaction was not complete. 1, 8-Diazabicyclo [5.4.0] undec-7-ene
(DBU) was also investigated. After 24 hours at 120 °C in solvent mixture (CB: DMSO= 3:1),
there was no fluorine signal remaining. However, there were many impurities in the

products and the yield was also very low.

Na,CO,

THF:DMSO0=2:1
60°C 4h

Na,CO,

THF:DMS0=2:1
60°C 24h

CgH,7.CsHir o Na,CO. CaH17 CgHqz
Q.O O + SH/\/\ISI’LOG) ® Hzé» O IS S @ @
n Na
N\ o CB:DMSO0=3:1 Q O

Neo
S 120°C 24h

F8FBT
K,CO,

CB:DMSO=3:1
120°C 24h

DBU
é
CB:DMSO=3:1

120°C 24h

Scheme 3 Reaction conditions optimized to synthesize CPEs
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Then, we used the NaOH as base for this reaction. After 24 hours reaction at 120°C in
solvent mixture (CB: DMSO= 3:1), the *>F-NMR demonstrated there was no fluorine signal in
the product which means the fluoride has been all substituted. Also, the high temperature
'H-NMR (373 K) demonstrated CPE 100% was obtained in high purity. For CPE 50% and CPE
75%, the reaction conditions were the same as CPE 100%, except a lower equivalence of
3-mercapto-1-propanesulfonic acid sodium salt was used. 0.5 eq. and 0.75 eq. of
3-mercapto-1-propanesulfonic acid sodium salt were used to replace the 50% and 75% of

the fluorine groups to give CPE 50% and CPE 75% respectively (Scheme 4).

F

CgHy7.Cat17 /\/\/P —
\ o ™ 3.9
NN oo
~§’ 1
NaOH % »n
FS8FBT 723
CB:DMSO=3:1 S
N-g’ Yield: 64% =
s N
CgHq7,  CsgHi7 /\/\S//o
P @
Y {6905
N\
N’\S/N

Yield:70%

Scheme 4 Synthesis of CPE 50%, CPE 75% and CPE 100%

3.2.2 NMR analysis

While all of the CPEs have an identical m-conjugated backbone, each sample exhibits a
different number of anionic charged sulfonic functionalities (SOs’), with cationic counter
ions (Na‘). The enhanced ionic densities of synthesized CPEs was directly confirmed by
integrating the signal intensity for —S-CH,-CH,-CH,-SOsNa® in the H-NMR at high
temperature (373 K). For CPE 50%, as only 50% of the fluoride was substituted by ionic thiol
group, therefore the proton integration of each methylene from —S-CH,-CH,-CH,-SO3'Na*
should be just 1 (50% x 2 = 1) in comparison to the methylene signals from the dioctyl
groups. From the high temperature 'H-NMR (Appendix Figure 14), clearly each the

methylene integration was around 1. The CPE 75% was confirmed by the each methylene
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integration of 1.5 (75% x 2 = 1.5) in "H-NMR (Appendix Figure 15). The CPE 100% was
confirmed by proton integration from each methylene was 2 in 'H-NMR (100% x 2 = 2)
(Appendix Figure 16) and **F-NMR (no fluorine signal) (Appendix Figure 17)

In addition, the CPEs were also confirmed by the aromatic comparison in *H-NMR (Figure
37). The BT acceptor becomes less electron deficient when the fluoride was substituted by
3-mercapto-1-propanesulfonic, indicating the protons on aromatic rings will show upfield
shifts. Clearly, with fluoride substituted increasingly, the protons on aromatic rings from 7.9

ppm to 7.5 ppm show increasing upfield shifts.

Jun01-2017.2.fid
S Cong SY-122 in d6-dmso ; 1H spectrum at 373K using Av400D ; Jun01-2017/2 3

CPE 50%
w

S Cong SY-75% in d6-dmso ; 1H spectrum at 373K using Av400D ; May04-2018/1 2

CPE 75% o P

May24-2017.1.fid
S Cong SY-22-17 in d6-dmso ; 1H spectrum at 373K using Av500 || May24-2017/1 1

CPE 100%

8.‘7 8.‘6 8.‘5 8.‘4 813 8‘.2 8‘.1 8‘.0 79 78 7?7 7.‘6 7.‘5 7.‘4 7.‘3 7.‘2 7‘.1 7‘.0
f1 (ppm)

Figure 37: Aromatic comparison of CPEs in "H-NMR

3.2.3 Fourier-transform infrared spectroscopy

The CPEs were investigated by Fourier-transform infrared spectroscopy (FTIR) (Figure 38).
The functional group regions for C=C (aromatic ring) and S=0 (sulfonate) are 1650-1600
cm™ and 1195-1168  cm™ respectively. Clearly, the $=O functional group peak was only
found in CPEs instead of F8FBT. As CPE 50% changes to CPE 100%, the ionic density

increases in the repeat unit of —=S-CH,-CH,-CH,-SO3'Na®. The enhanced ionic density of CPE
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samples was directly confirmed by comparing the intensity of the S=0 stretching peak
relative to the aromatic (C=C) stretching peak in the FTIR spectra. The IR of 3-mercapto-1

propanesulfonic acid sodium salt alone was in Appendix Figure 18.

CPE50%
CPE75%

— CPE100%

— FSFBT

Absorption (norm.)

L] L] L] L] L]
3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 38 FTIR spectra of F8FBT and CPEs

3.2.4 X-ray photoelectron spectroscopy

The synthesized CPEs were investigated by X-ray photoelectron spectroscopy (XPS). XPS can
provide quantitative information about the elemental composition and chemical specificity
(e.g., oxidation state) of the surface.’>*®® Take CPE 50% for example. The XPS survey
spectra shows the peaks with binding energy of 1071.2 eV, 688.3 eV, 532.0 eV, 401.0 eV,
285.6 eV and 166.3 eV. According to the binding energy, the CPE 50% shows the presence of
C, N, O, F, S and Na. The atomic percentage of CPE 50% calculated from chemical structure
was Czg5 Nyg Nags O15 Fos S0 While the atomic percentage from XPS was Css54 N1g Nage Oz
Fos Si9. The atomic percentage (number) calculated from CPE chemical structure was
consistent with the XPS data. We note that the differences in the oxygen percentage are
probably due to absorbed water. Clearly, the CPE 50% was confirmed by XPS in high purity.
The atomic percentage data was summarized in Table 6. The XPS survey spectra for CPEs are

in Appendix Figure 19-21.
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Table 6 Atomic percentage (number) measured by XPS

Polymer Chemical Structures XPS

CPE 50% C36.5N20Nags015F05S:0 C354N19Nags028F04S19
CPE 75% C37.25 N2.0Nag 75 0225 Fg.25 S0 5 C36.9N19Nap7029F02 524
CPE 100% C380N20Na10030S30 C36.8N20Nag9 04153

3.3 CPEs in polar solvents

The solubility of CPEs is very different from the starting F8FBT in polar solvents. Before the
reaction, the starting neutral F8FBT is soluble in chloroform, THF and chlorobenzene. After
different densities of ionic functionalities grafted to the F8FBT, the synthesized CPEs were
not soluble in chloroform, THF or chlorobenzene any more, but soluble in polar solvents, like
DMSO and methanol, which is due to the hydrophilic ionic groups. The solubility in polar
solvent allows the synthesized CPEs to be used as interfacial layers in organic optoelectronic
devices. Figure 39 shows the solubility of F8FBT and CPEs in chloroform and DMSO

respectively (2 mg/ml).
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Figure 39 F8FBT and CPEs in (A) chloroform and (B) DMSO

77



3.4 Optical properties

3.4.1 Absorption spectra

UV-Vis absorption and photoluminescence (PL) spectra of the three CPEs are shown in
Figure 40, and relevant data are summarized in Table 7. Clearly, the absorption spectra of
three CPE is different from F8FBT. For F8FBT, a high energy band with a peak at 319 nm and
a low energy band with a peak at 440 nm in chloroform solution. The three CPEs exhibit
two main broad absorption bands in DMSO, with a peak around 320 nm in the high-energy

band and a peak around 430 nm in the low-energy band.
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Figure 40 UV-Vis absorption spectra of three CPEs in solution (A) and film (B).
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However, the low energy band of three CPEs have a lower absorption intensity than the high
energy band. This is due to fluoride atom which is more electron deficient than sulfur atom
from 3-mercapto-1-propanesulfonic. When the fluoride has been substituted by
3-mercapto-1-propanesulfonic, the 2, 1, 3-benzothiadiazole (BT) acceptor becomes less
electron deficient. Noticeably, a new absorption peak is observed between 360 to 370 nm,
increasing in intensity as function of thioalkyl substitution. The intensity of the small
shoulder increases when more fluoride on conjugated backbone are substituted. The

11 pr. Creamer from our

additional intense absorption is due to Ngym,~> m* transitions.
group made some similar polymers which also shows the additional absorption when
fluoride was substituted by thioalkyl group.50

In the solid state, the three CPEs demonstrate similar change trends as in DMSO solution.
First, the intensity of low energy is also lower than high energy band, which has been
discussed in DMSO solution. Second, a new absorption peak is observed between 360 to
370 nm, which is as function of thioalkyl substitution. Besides, the three CPEs all
demonstrate slight red shift both in high energy band and low energy band compared with
DMSO solution. The onsets of the absorption spectra of CPE 100%, CPE 75%, CPE 50% in
thin films are at 502, 501 and 504 nm, respectively. The optical band gaps (Eg) of CPE 50%,
CPE 75%, CPE 100%, were thus calculated to be 2.47, 2.47 and 2.46 eV, according to their

onsets of the absorption spectra in the solid state.

3.4.2 Emission spectra

As demonstrated in Figure 41, the emission maxima of F8FBT is 532 nm in chloroform
solution. CPE 100%, CPE 75%, CPE 50% exhibit a same emission maxima at 555 nm in DMSO
solution resulting in a solution Stokes shift (A Aio)) of 119 nm, 120 nm, 113 nm respectively.
In the solid state, F8FBT and CPE 100%, CPE 75% and CPE 50% have almost same emission
peak at 546 nm. The thin film emission maximum of CPEs (546 nm) is slightly blue shifted in
comparison to solution (555 nm). The solid state Stokes shift (AAim)) of CPE 100%, CPE 75%
and CPE 50% is 102 nm, 101 nm and 100 nm respectively.

79



1.2
Solution = F8FBT (CF)
1.0 s CPE 100% (DMSO)
3 CPE 75% (DMSO)
8 s CPE 50% (DMSO)
2 08
wv
c
3
= s
s O
Q
N
®
E o4
[*]
2
0.2
0.0 T T T T T
450 500 550 600 650 700 750
Wavelength(nm)
B 1.2
Film m— F8FBT
. 1.0 = == CPE 100%
3 CPE 75%
)
T o8- ——— CPE 50%
wv
c
o)
= o064
s O
(7]
N
®
€ 04+
o
2
0.2 -
PSS /
0.0 4 T T T T T
450 500 550 600 650 700 750

Wavelength (nm)

Figure 41 PL spectra of three CPEs in solutions (A) and film (B)

Table 7 Optical properties of three CPEs in solution and thin film states

Polymer  Aups max Aabs, max Eg(opt) Aem, max (sOl) AN (sol)  Agm max(film) A X (film)
(sol) nm (film) nm eV nm nm nm nm
CPE100% 326°, 436° 3353,454b 2.47 555 119 546 102
CPE75% 3187, 435° 3353,455b 2.47 555 120 546 101
CPE50% 311%, 442° 3363,455b 2.46 555 113 546 100

? Amax Of high energy band.
b Amax Of low energy band.
Aabs, max(S01) NM, Aern, max (SOI) nm and AA (sol) nm were all investigated in DMSO solution.
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3.5 Electronic properties

The solid state electronic properties of F8FBT, CPE100%, CPE75% and CPE50% were
investigated using cyclic voltammetry (CV). Samples were all prepared by drop-casting the
solution on the Pt rod surface. F8FBT and CPE samples were not soluble in acetonitrile and
measured in anhydrous, degassed solutions of acetonitrile with tetrabutylammonium
hexafluorophosphate (0.1M) electrolyte using an Ag/Ag* as reference electrode. The cyclic
voltammograms of all polymers are shown in Figure 42 and the electronic properties are
summarized in Table 8. The HOMO levels of the polymers were estimated from the first

onset of oxidation, assuming that the ferrocene/ferrocenium reference redox system is 4.8
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Figure 42: Cyclic voltammograms of thin films of F8FBT and CPEs in acetonitrile/ [n—-BusN]PFg solutions (0.1M)

at a scan rate of 0.1 V/s.
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The HOMO energy level of CPEs can be calculated from the onset oxidation potential

Eox(onset)y based on the reference energy level of ferrocene:

Eyomo = —(Eox(onser) + 4.8 — Epoc)
Eiymo = Enomo + Eop

The onset voltages of oxidation process is 1.66 eV, 1.06 eV, 1.23 eV, 1.29 eV for F8FBT,
CPE100%, CPE75% and CPE50% respectively. From Figure 42, the HOMO level of F8FBT

103 As fluoride was more electron deficient

was -6.08 eV, which was very similar as literature.
than substituted thioalkyl groups, the HOMO level of F8FBT is deeper than the CPEs. The
more fluoride substituted by thioalkyl groups, the higher HOMO level of CPEs will be. The
HOMO level of CPE100%, CPE75% and CPE50% is -5.48 eV, -5.65 eV, -5.71 eV by CV. Also,
the LUMO level of CPE100%, CPE75% and CPE50% is calculated -3.01 eV, -3.18 eV, -3.25 eV
by their HOMO energy levels and Egopy. Although the CPEs have almost same band gap, but

the HOMO and LUMO levels are influenced by fluoride substitution ratios.

Table 8: Electronic properties of F8FBT and CPEs

Polymer ®Eg(opy) (€V) PE o« (V) ®HOMO (eV) ‘LUMO (eV)
FSFBT 2.45 1.66 -6.08 -3.63
CPE100% 2.47 1.06 -5.48 -3.01
CPE75% 2.47 1.23 -5.65 -3.18
CPE50% 2.46 1.29 -5.71 -3.25

‘Determined from Egiopy)
Determined from CV measurement, error + 0.05 eV
“Calculated from HOMO level and optical band gap
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3.6 OPV performance

To investigate the electron transporting properties of CPEs with different ionic densities, the
photovoltaic device performance containing CPEs were investigated in a device

configuration with the following structure: Glass/ITO/ZnO+CPE / PFBDB-T: Cg-IDSe
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/MoQs/Ag. The photoactive layer materials, PFBDB-T and Cg-IDSe were synthesized by our
group member, Dr Fei. The molecular structure of PFBDB-T and Cg-IDSe as well as the
device structure are demonstrated in Figure 43. The CPE 75% and CPE 100% were then used
in the fabrication of inverted OPV devices with a ZnO/CPE bilayer as the electron transport
layer (ETL). The CPEs layer was spin-coated on top of ITO layer from methanol solution to
form an interlayer. For comparison, a control device with the following structure:
Glass/ITO/ZnO / PFBDB-T: Cg-IDSe /Mo0QOs/Ag was also fabricated and investigated. The
corresponding photovoltaic parameters including short circuit current density (Jsc), open
circuit voltage (Vo.), fill factor (FF) and PCE are summarized in Table 9. The J-V curves of the
solar cells measured under AM 1.5G irradiation (100 mW cm'z) are illustrated in Figure 44.
The external quantum efficiency (EQE) spectrum using CPE as ETL are demonstrated in

Figure 45.
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Figure 43 (a) Molecular structure of active layer blend of PFBDB-T and C8-IDSe (b) Energy levels of polymers
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A typical control device without CPE interlayer exhibited a high PCE of 12.1 %, with a V, of
0.88 V, a Jsc of 20.5 mA cm™ and an FF of 0.67. After using CPE75% and CPE100% as ETL
respectively, the resulting devices both exhibited enhanced performances, which were
mainly from the improvements of Jic and FF simultaneously. The PCE values were increased
to 12.6 % and 13.4 % for PSCs with CPE75% and CPE100% respectively. The V.. of PSCs for
CPE 75% and CPE100% was both 0.89 V which was slightly higher than a bare ZnO device.
The FF of PSCs was increased from 0.67 for a bare ZnO electrode device to 0.69 for CPE75%
device, 0.70 for CPE 100% device. Compared with the data increase in FF, the changes of J,
with the incorporation of CPEs as interlayer are more important. The Ji is increased from
20.5 mA cm™ for a bare ZnO device to 20.6 mA cm™ for CPE75% and 21.6 mA cm? for
CPE100%. The statistical data (average values and standard deviations) of photovoltaic
performances calculated from ten devices for each kind of PSCs (Table 9), which prove that

the enhancements of device performances using CPEs as ETL are effective and reproducible.
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Figure 44: J-V curves for CPE as electron transport layers
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Figure 45: EQE of device using CPEs as the electron transport layer.

Table 9. Device Parameters of the PSC Devices with Different ETLs

ETL Jic (mA/cm?) Voc (V) FF PCE (%)

ZnO 20.8(20.5)° 0.89(0.88)° 0.68(0.67)" 12.6(12.1)°
ZnO/CPE75% 21.0(20.6)° 0.89(0.89)° 0.70(0.69)° 13.1(12.6)°
ZnO/CPE100% 21.8(21.6)° 0.89(0.89)° 0.70(0.70)* 13.4(13.4)°

()? average values from over 10 devices

The CPE75% and CPE100% both demonstrated excellent interface modification capacities,
while CPE100% exhibited better PCE than CPE75%. Notably, the difference between
CPE75% and CPE100% is mainly due to Ji improvement. The device with CPE75%
demonstrated a J;. of 20.6 mA cm'z, which is lower than the device with the CPE100% (21.6
mA cm‘z). Besides, the difference of Js.improvement was confirmed by EQE. Noticeably, the
EQE between 350 nm to 450 nm for CPE100% was higher than CPE75%. The differences
between CPE 75% and CPE 100% are energy levels and ionic group densities. Although CPE
75% has a deeper HOMO and LUMO level than CPE 100%, presumably the more ionic group

&5



contribute more to increase interface dipole formation between CPE and the electrode
which will decrease the work function effectively.

To get a more insightful understanding on the enhancements of device performances upon
the incorporation of CPEs, a space-charge-limited current (SCLC) model using device with an
ITO/ ZnO+CPE/active Layer/Ca/Al structure was shown in Figure 46. Current-voltage sweeps
were carried out in the region of -5 to 5V in steps of 0.05 V. The thickness of the BHJ blend

for SCLC measurement is about 120 nm. The electron mobility can be calculated from the
1/2

slope of the J”“ V curves.
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Figure 46 J'°V of hole-only devices with the structures ITO/ ZnO+CPE/active Layer/Ca/Al (120nm)

An apparent electron mobility of 5.2 x 10*ecm? V' s? 56 x 10* em? V' st 7.2 x 10* cm? v*!
S was determined for the devices with ZnO only, ZnO/CPE 75% and ZnO/CPE 100%
interlayer, respectively. Apparently, ZnO/CPEs increased the electron extraction better than
bare ZnO structure. Besides, CPE 100% demonstrated higher electron mobility than CPE

75%, which means the more ionic groups benefit the electron movement.

3.7 OLED performance

To investigate the electron injecting/transporting properties of the synthesized CPEs with
different ionic densities in OLEDs devices with the configuration ITO|PEDOT|TFB
| F8BT|CPE| Al were fabricated and tested. OLEDs with a 100 nm Al cathode without CPE
were also prepared as a reference device. The device structure and molecular structures of

the emitting material F8BT, PEDOT and TFB are demonstrated in Figure 47.

F8BT
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Figure 47. (a) Device configuration of OLED and chemical structures of F8BT. (b) Energy level of F8BT EIL OLED
diagram (in eV).

The emitter F8BT was purchased from Cambridge Display Technology Ltd. CPE50%, CPE75%
and CPE100% were all dissolved in DMSO, which did not dissolve other polymers used in this
OLED device. CPEs were deposited as electron injection layer (EIL) (2 mg/ml) on top of the

F8BT active layer prior to Al cathode evaporation. The corresponding energy level diagram is

also displayed in Figure 47.
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Figure 48 (A) J-V-L characteristics of F8BT OLEDs with CPEs ElLs; filled symbols are J, open symbols are L. Data

for Ca/Al devices is also shown for comparison. (B) L-J curves for all devices

Figure 48 demonstrated the current density-voltage-luminance (J- V-L) characteristics of
the OLED devices with different CPEs as interfacial layers. The thickness of interfacial layers
was 10 nm for all three CPEs materials. In the L-V characteristics, the CPE50%/AI,
CPE75%/Al and CPE100%/Al demonstrated the same turn-on voltage (the voltage at which

the brightness reaching 1 cd/m?)**

at 2.1 V whilst the Al device had a higher turn-on voltage
at 2.5 V. Clearly, CPEs/Al devices all had a lower driving voltage than Al device, suggesting
that the ionic groups were modifying the injection barrier. With increasing voltage, the
CPEs/Al devices also demonstrated much higher luminance than Al device. For example, at
voltage 3 V, the luminance is 752 cd/m? 472 cd/m? 40 cd/m?, and 5.6 cd/m? for the
CPE100%/Al, CPE75%/Al, CPE50%/Al and Al device respectively. At the voltage range from 2
V to 8 V, CPEs/Al all demonstrated much higher luminance than Al device. Among the
CPEs/Al devices, the CPE100%/Al device has the highest luminance and the CPE75%/Al has
higher luminance than CPE50%/Al from 2 Vto 8 V.

From the J-V figure, the CPEs/Al all showed higher current density at the same voltage than
Al device from 2 V to 8 V and CPE100%/Al device demonstrated the highest current density
among CPEs/Al devices. Besides, the enhanced device performance by using CPE was also
confirmed by the L-J figure: the CPEs/Al device displayed much higher luminance than Al

alone device at the same current density. The enhanced performances of all three CPEs

compare to Al alone may be related to the fact that the excitons quenching at Al layer is
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separated from the emissive material. The difference within the three CPE is clearly related
to their structures. The CPE100% has highest ionic densities among CPE materials which
indicated more interfacial dipoles formation between CPE100% and Al than other CPE
materials, resulting more shift in the vacuum level at Al and CPE100% interface.’®*'®® This
vacuum level shift will result in a change in the effective work function of the CPE covered
metal electrode, which leading to a decrease in the electron injection barrier.*®* The
enhanced device performances were obtained from the device by using a CPE EIL with a
higher ID (CPE100%>CPE75%>CPE50%) due to the enhanced electron injection from the
CPE/Al cathode.
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Figure 49 Luminous (cd A™Y) and luminous power (Im W) efficiencies as a function of voltage for the F8BT

OLEDs.

The luminous and luminous power efficiencies as a function of voltage for the CPEs/Al and
Al devices are demonstrated in Figure 49. The performance of the four devices is
summarized in Table 10. Clearly, the the CPE50%/Al, CPE75%/Al and CPE100%/Al devices
all demonstrate much higher luminance and power efficiencies than the only Al device at
the voltage range from 2 V to 8 V. The significantly higher efficiencies for the CPE/Al devices
compared to the Al device suggest that the electron and hole densities within their F8BT

EMLs are better balanced.
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Table 10. Performances of OLEDs with CPEs/Al ElLs with results for equivalent Al cathode

devices for comparison

luminous efficiency, n, (cd/A) luminous power efficiency, np
Cathode (Im/W)
Peak @ 100 cd/m* @1000 cd/m’ | Peak @100cd/m* @ 1000 cd/m’
Al 42@3.0V 1.7 - 49@2.6V 0.9 -
CPE100%/Al | 20.3@5.8V  13.6 15.7 20.2@2.4V 19.4 15.4
CPE75%/Al | 16.1@5.2V  12.7 14.0 16.6@2.4 V 16.6 12.2
CPE50%/Al | 13.1@5.0V 10.6 12.6 10.3@2.6 V 9.1 7.1
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Figure 50. Normalized EL spectra of the F8BT OLEDs at 6 V.

CPEs/Al and Al devices demonstrate the same normalized electroluminescence spectra
(EL)(Figure 50) which indicates the recombination zones are all in the F8BT layer and there is
no energy transfer between the EML and CPEs/Al interlayers. Also, the normalized EL
spectra of the CPEs/Al and Al devices that suggest that the emission predominantly

originates from the F8BT EML rather than in the CPE. The fact that the EL spectra of the
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CPE50%, CPE75% and CPE100% devices are identical further confirms that the CPE layers do

not contribute to the EL emission.
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Figure 51. Transient response for the (A) Voltage and (B) EL intensity of F8BT OLEDs with CPE50%, CPE75% and

CPE100% ETLs. Data for Al devices is also shown for comparison.

The transient response curves for voltage and electroluminescence intensity for the
CPEs/Al and Al devices are demonstrated in Figure 51. These were measured with 5 V
amplitude, 1 Hz repetition rate, and square wave pulses. Clearly, the voltage and EL signals
for only Al device closely follow the square wave pulses. The voltage signal for CPE50%/Al,
CPE75%/Al and CPE100%/Al also follow the square wave pulses very well and there is no
voltage signal delay found in CPEs/Al devices. The CPEs/Al device demonstrate the same

transient response as Al device for voltage. However, for CPE50%/Al, CPE75%/Al and
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CPE100%/Al devices, the normalized EL intensity drops to 90% of initial intensity with time
constant ~0.5 s. This slightly reduced intensity may be due to the exciton quenching by ion
migration. There is, however, no accumulated decay in EL intensity from one pulse to the

next, indicating that the CPEs devices do not undergo irreversible degradation.

3.8 Conclusions

In summary, a series of new CPEs comprising identical conjugated backbones but different
densities of ionic groups were designed and developed as electrode interfacial materials to
improve the device performance in OPV and OLEDs, respectively. Three CPE interlayer
materials, CPE50%, CPE75% and CPE100%, were all synthesized via post-polymerization
modification. The chemical structures, optical properties and energy levels of the CPEs were
investigated. The synthesized CPEs possess excellent solubility in polar solvents which are
desirable for fabricating efficient and stable organic optoelectronic devices by an orthogonal
solution processing method. The relationships between the ionic densities on the polymer
backbone and interface modification functions were systematically investigated in OPV and
OLEDs. Inverted OPV devices with maximum PCE of 13.1% and 13.4% respectively were
fabricated through incorporation of a solution processed CPE75% and CPE100% interlayer.
The maximum PCE without CPE interlayer was 12.6 %. The improvement of OPV device is
due to the electron mobility increase with CPE interlayer incorporation, which was
confirmed by SCLC measurement. CPE100% demonstrated a better interface modification
than CPE75%. The device performance improvement was also observed when CPE was
employed as cathode interlayer in OLED. The CPE50%, CPE75% and CPE100% all
demonstrated much better device performance than Al only device in OLED. The CPEs/Al
show lower driving voltage, higher luminance, luminance efficiency and luminance power
efficiency than Al device at same voltage. The CPE75% has a better performance than
CPE50% while CPE100% demonstrated the best device performance. Our study suggested
CPE as interfacial layer could improve the OPV and OLED device performance. Besides, the
ionic densities of conjugated polyelectrolytes effect their interfacial modification abilities in
OPV and OLED. When the difference of HOMO and LUMO level among CPE50%, CPE75%

and CPE100% is limited, the ionic densities make a more contribution to interfacial
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modification. More balanced charge injection and transport are obtained by CPE100% as

interfacial layers in organic electronic devices.

3.9 Experimental methods

3.9.1 OPV device fabrication

OPVs were fabricated using PFBDB-T and Cg-IDSe as the donor and acceptor materials.
Devices were fabricated onto pre-patterned ITO glass substrates with the device
architecture ITO/ZnO+CPE/ PFBDB-T: Cg-IDSe /Mo0O3/Ag. After sequential cleaning of the
ITO with the detergent (Decon 90), acetone and isopropyl alcohol, a zinc acetate dihydrate
precursor solution (219.5 mg in the mixture of 2 mL 2-methoxyethanol and 60 pL
monoethanolamine) was spin coated on top of the ITO substrates, and annealed at 190 °C
for 45 minutes. After a methanol solution (2 mg/ml) of the CPE 75% and CPE 100% was
separately spin-coated on ZnO layer, which was then heated at 80 °C for 10 min.
PFBDB-T/Cs-IDSe blend solution were dissolved in chlorobenzene (CB) at a ratio of 1:1, and a
concentration of 20 mg/ml, and were stirred overnight at 50 °C. The blend solution was
spin-coated onto the ZnO/CPE coated ITO substrate (2000 rpm, 1 min). The thicknesses of
the active layers were ~80-100 nm. The active layers were used as-spun or annealed at 140
°C or 160°C for 15 min. To complete the devices, MoO3; (10 nm) and Ag (100 nm) were
evaporated sequentially under high vacuum under shadow masks to fabricate devices with
an area of 5 mmZ Current-voltage characteristics were measured with a Keithley 236
source/measure unit under AM 1.5 solar illumination (Oriel 300 W solar simulator) at an
intensity of 100 mW/cm?. All electrical measurements of OPVs were executed in the inert

Nitrogen purged devices chamber.

3.9.2 OLED device fabrication

ITO-patterned glass substrates (size 12 mm x 8 mm) were cleaned in an ultrasonic bath
using methanol, acetone, and isopropyl alcohol for 15 min. After a 5-min UV-zone
treatment, a 40 nm-thickness PEDOT layer was spin-coated onto ITO substrates, which were
then heated at 145 °C for 15 min. Then, a 15-nm-thickness hole transporting and electron-

blocking TFB interlayer was spin-coated on top of PEDOT layer, and the assembly was baked
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under nitrogen at 180 °C for 1 h. Subsequently, an emissive layer F8BT (Cambridge Display
Technology Ltd) was spin-coated from a toluene solution. The thickness of the emissive
layers were controlled by using different concentrations (12 mg/ml, 14.7 mg/ml, 16.2
mg/ml, 18 mg/ml and 20.2 mg/ml under 2000 rpm to from layers ranging from 60 nm to 112
nm; the error bar is 3 nm). After a DMSO solution (2 mg/ml) of the CPE 50%, CPE 75% and
CPE 100% was separately spin-coated on emissive layer, which was then heated at 60 °C for
30 min. Finally, aluminum (100 nm) cathodes was deposited via thermal evaporation under

vacuum conditions (1 x 107 Torr).

3.9.3 Materials

2, 7-Dibromofluorene (97%, Sigma Aldrich), 1-bromooctane (98%, TClI Chemicals),
tetra-n-butylammonium bromide (98%, Sigma Aldrich ), 2-isopropoxy, 4, 4, 5, 5-tetramethyl
1, 3, 2-dioxaborolane(98%, Sigma Aldrich), 4, 7-dibromo-5-fluoro-2, 1, 3-benzothiadiazole
(96%, Sigma Aldrich), n-Butyllithium solution(1.6 M in hexanes),
3-mercapto-1-propanesulfonic  acid sodium salt (95%, fluorochem), tetrakis
(triphenylphosphine)palladium(0) (99.9%, Strem Chemicals UK Ltd). Other chemical reagents
were of analytical grade and were used as received. Deionized water was used in the

present experiment.

3.9.4 Synthesis

F8FBT (Refer to Chapter 2)HH

M,: 26.0 kDa, My: 67.51 kDa, M,,/M, (P): 2.60

'H-NMR (400 MHz, CDCl;) § 8.15 — 7.79 (m, 7H), 2.16 (m, 4H), 1.33 — 1.08 (m, 20H), 0.99 (m,
4H), 0.84 (m, 6H).

SELNMR (400 MHz, CDCl3) & -114.5 ppm
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CPE 50%

A mixture of F8FBT (172.53 mg, 0.319 mmol), sodium 3-mercapto-1-propanesulfonate
(28.45 mg, 0.1595 mmol ) and NaOH (128 mg, 3.19 mmol) were added to high pressure
microwave vial. The vial was sealed with a septum and degassed with argon before
anhydrous chlorobenzene and DMSO (3:1, v:v, 8 ml total) was added. The solution was
heated at 120°C for 24 hours. After the solution was cooled to room temperature, it was
precipitated into water. The resulting polymer was collected by filtration, washed with
acetone and chloroform for 24 hours by Soxhlet respectively. Finally, dried overnight in
vacuum to obtain CPE50% (105 mg, Yield 53%).

'H-NMR (500 MHz, d-DMSO, 373K) & 8.27 — 7.61 (m, 7H), 3.33 — 3.24 (m, 1 H), 2.58 (m, 1H),
2.14 (m, 4H), 2.08 (m, 1H), 1.14 (m, 20H), 0.92 (m, 4H), 0.77 (m, 6H).

E_NMR (400 MHz, CDCl5) 6 -114.1 ppm

CPE 75%

A mixture of F8FBT (145.1 mg, 0.269 mmol), sodium 3-mercapto-1-propanesulfonate (35.96
mg, 0.202 mmol ) and NaOH (107.6 mg, 2.69 mmol) were added to high pressure microwave
vial. The vial was sealed with a septum and degassed with argon before anhydrous
chlorobenzene and DMSO (3:1, v:v, 10 ml total) was added. The solution was heated at
120°C for 24 hours. After the solution was cooled to room temperature, it was precipitated
into water. The resulting polymer was collected by filtration, washed with acetone and
chloroform for 24 hours by Soxhlet respectively. Finally, dried overnight in vacuum to obtain

CPE75% (114 mg, Yield 64%).
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'H-NMR (500 MHz, d-DMSO, 373K) & 8.27 (m, 1H), 8.19 — 7.61 (m, 7H), 3.33 — 3.24 (m, 1.5
H), 2.62 — 2.55 (m, 1.5H), 2.14 (m, 4H), 2.06 — 1.96 (m, 1.5H), 1.28 — 1.05 (m, 20H), 0.96 (m,
4H), 0.84 — 0.71 (m, 6H).

YFL.NMR (400 MHz, CDCl5) & -114.0 ppm

CPE 100%

A mixture of F8FBT (91.3 mg, 0.169 mmol), sodium 3-mercapto-1-propanesulfonate (30.11
mg, 0.169 mmol ) and NaOH (67.6 mg, 1.69 mmol) were added to high pressure microwave
vial. The vial was sealed with a septum and degassed with argon before anhydrous
chlorobenzene and DMSO (3:1, v:v, 8 ml total) was added. The solution was heated at
120°C for 24 hours. After the solution was cooled to room temperature, it was precipitated
into water. The resulting polymer was collected by filtration, washed with acetone and
chloroform for 24 hours by Soxhlet respectively. Finally, dried overnight in vacuum to obtain
CPE100% (133 mg, Yield 70%).

'H-NMR (500 MHz, d-DMSO, 373K) § 8.27 — 7.51 (m, 7H), 3.33 — 3.24 (m, 2 H), 2.58 (m, 2H),
2.14 (m, 4H), 2.01 (m, 2H), 1.25 = 1.05 (m, 20H), 0.94 (m, 4H), 0.78 (m, 6H).

YELNMR demonstrates no fluorine signal.
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4 A new thermo-, pH and CO,-responsive fluorescent graft
copolymer

4.1. Introduction

Smart materials have received increasing interest as they are able to shrink or expand to

change their optical properties or electrical properties when surrounding environment

165,166

changes. With the development of materials research, the new materials are designed

to respond to external changes and adjust to our demands. Stimuli-responsive polymers, a

class of smart materials, are playing a very important role in a wide range of fundamental

167-172

fields, such as nanotechnology, sensors, catalysis, coatings, and drug delivery. Stimuli

responsive polymers are able to make physical and/or chemical changes when receiving an
external signal. Smart polymers are characterized by their stimuli-responsive factors, which
are dictated by the functional groups on a polymer chain. Different functionalities respond

to different stimuli factors and the most commonly utilized stimuli factors are

173,174 175,176 . 177,178 179,180 181,182
, light h

temperature , pH , ionic strengt , electron transfer . Among
all the stimuli factors, temperature has gained the most attention and many novel
thermo-responsive polymers have been synthesized.'®'% For example, some polymers can
exhibit a lower critical solution temperature (LCST), which is the lowest temperature at
which temperature induced demixing occurs. When the temperature is below the LCST, the
polymer chains and solvent molecules are in one homogeneous mixed phase. But when the
temperature is above the LCST, phase separation occurs through an entropically driven
process.'®® The potential advantages of using thermo-responsive polymers are mainly in the
field of biomedical science which includes targeted drug delivery and bio—separation.187'188
Among the thermo-responsive polymers reported, poly(N-isopropylacrylamide)
(PNIPAM)*91%  nolyethylene glycol (PEG)™ ™3, poly(2-ethyl-2-oxazolines)(PEO)****** and

poly(2-propyl-2-oxazoline) (PPO)*%’

have gained much attention. The structures of
PNIPAM, PEG, PEO and PPO are shown in Figure 52. These polymers will undergo phase
transition in aqueous solution above a specific temperature. For example, PEO exhibits a

198

phase transition behavior in aqueous solution at approximately 94 °C.””" On the other hand,

PPO and PNIPAM demonstrate their phase transition temperatures at approximately 36 °C,
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which is very close to human body temperature.199

S Sk
e T
PN

PNIPAM PEG PEO PPO

Figure 52 Structures of typical thermo-responsive polymers

To fulfil the diverse requirements of environmental systems, multi-stimuli-responsive
polymers have received a great deal of attention in functional polymer research.20072% They
allow efficient manipulation of hydrophilic/hydrophobic transitions in aqueous solution, as

they are able to respond to changes of multiple external environment factors, such as

203,204

temperature, pH, light, gas and electric fields. An example of a multi-stimuli-responsive

polymer is shown in Figure 53.2°

Single-stimuli-responsive polymers are a class of polymers
which are only responsive to one stimuli factor. Compared to single-stimuli-responsive
polymers, multi-stimuli-responsive polymers can undergo more physical property changes
and the designed functions can be achieved by tuning numerous environmental

206,207
factors.2%%%°

pH responsive

Photo responsive

Temperature responsive

Figure 53  An example of multi-stimuli-responsive polymer, bearing thermo-, pH- and photosensitive
. 4. 205
moieties
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The usual way to prepare multi-stimuli-responsive polymers consists on the

copolymerization of different monomers.”*®%

For example, temperature and pH
responsive polymers are usually prepared through the copolymerization of a monomer
containing a pH-responsive moiety and a monomer containing a thermo-responsive moiety.
However, time-consuming multiple steps are generally involved in the synthesis of
copolymers containing different responsive monomers. Besides, the way to synthesize

multi-stimuli-responsive homopolymers has been reported.**%***

For example, the Song
group  synthesized a  temperature and  pH/CO,-responsive  homopolymer,
poly(N-(2-(diethylamino)ethyl)-N-(3- (isopropylamino)-3-oxopropyl)acrylamide). The
pH/CO,-responsive and thermo-responsive moieties of amide and amine were combined in

one polymer backbone.?*?

However, the synthesis of the monomer containing several
different responsive moieties for multi-stimuli-responsive homopolymers was difficult and
involved several steps. Therefore, alternative routes to multi-stimuli-responsive polymers
with concise functional composition are needed.

Post-polymerization modification enables the synthesis of many functional polymers, which

are difficult or impossible to prepare via direct polymerization.*>?*>2!

Post-polymerization
allowed systematic variations in structures based on the same reactive scaffold, without
variables usually created from the polymerization of individual monomers (e.g., molecular
weight and dispersity).50 Inspired by these advantages, a new thermo- and pH/CO,
responsive graft copolymer was designed and synthesized by post-polymerization in this
chapter. As the conjugated backbone contains a diethylamino group, it was expected that
the conjugated polymers would be responsive to pH and CO,*" Besides, if a thermos

responsive polymer could be grafted on the conjugated backbone by post-polymerization,

the synthesized graft copolymer should be responsive to three factors: pH, CO, and

temperature.
pH, CO, responsive o :
D ISUPETLLLE L LTINS .: o] .: R
Lot e F X Thermo-responsive
FN i ANe
. N Nt
e N :‘o){;
TN
n
9tagh
~g" Fluorescent

Figure 54 Structure of target thermo- and pH/CO,-responsive graft copolymer
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In this chapter, we present a new and facile method to prepare multi-stimuli-responsive
polymer using a conjugated polymer as the main backbone and thermo-responsive PEO and
PPO as the “side chain” (Figure 54). More importantly, this facile synthesis method gave us
an effective strategy to design and synthesize multi-stimuli-responsive polymers. If you
want to synthesize multi-stimuli-responsive polymers which are responsive to three
different stimuli factors, like A, B and C. Normally we need to prepare three different
monomers containing A, B and C moieties first, then combine these monomers through
copolymerization. Alternatively, prepare a monomer containing the three stimuli responsive
moieties A, B and C to make a homopolymer. The disadvantages about synthesis of
multi-stimuli-responsive copolymers and homopolymers have been discussed above.
However, with the post-polymerization method proposed in this chapter, we can graft
different stimuli factors to the precursory conjugated backbone to synthesize graft
copolymer. The basic post-polymerization strategy to synthesize multi-responsive polymers

was demonstrated in Figure 55.

[ ]
Stimuli factors A .*
o ®
B C e + o ® 00

Precursor polymer
®
P 008090 » L 4
L 4 L ¥,
® + Stimuli €

\ }

TR T

Figure 55 Strategy to synthesize multi-stimuli-responsive polymers by post-polymerization

4.2. Synthesis of monomers and graft copolymers

4.2.1 Synthesis routes
A series of graft copolymers have been synthesized by post-polymerization modification

through fluoride substitution on aromatic backbone according to Scheme 5, 6. A mixture of
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monomer 4.1, tetrabutylammoium bromide and 3-dimethylaminopropylchloride
hydrochloride was reacted with a 50 wt % aqueous solution of NaOH. After reaction, the
crude product was purified by column chromatography using methanol to give pure
monomer 4.2 (Yield 52%). Then monomer 4.2 was then converted to the boronic ester by
treatment with n-Buli, followed by quenching of the resulting dianion with 2-isopropoxy-4,
4,5, 5 tetramethyl-1, 3, 2-dioxaborolane. The crude product was recrystallized from acetone
to give pure monomer 4.3 (Yield 61%). For the conjugated polymers, DNFBT (M,= 38,500
g/mol, M,= 65,100 g/mol, PDI= 1.69) and F8FBT (M,= 26,000 g/mol, M,,= 67,500 g/mol,
PDI= 2.60) were synthesized under typical Suzuki polymerization condition.''® After 3 days
of heating at 120 °C in toluene, the solution was then precipitated into methanol and
filtered. Then Soxhlet extraction washes the polymer with methanol, acetone, hexane and

chloroform for 24 hours respectively.
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Scheme 5 Synthesis of DNFBT
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Scheme 6 Synthesis of graft copolymers

The graft copolymer DNBT-PPO, DNBT-PEO, DNBT-SPEO, F8BT-PEO and F8BT-SPEO were all
synthesized by SyAr substituted reactions. At first, we used K,COs3 as a base in a mixture of

chlorobenzene and DMSO to synthesize graft copolymers DNBT-SPEO and F8BT-SPEO.
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However, when the same reaction condition was used for the other graft copolymers’
synthesis, the F-NMR demonstrated that there was always fluorine signal even after
prolonged heating. The use microwave heating did not help. YE_NMR demonstrated that
the fluoride substitution was not complete in all cases. Clearly changing the end group on
the graft from a thiol to an alcohol required a stronger base in agreement with their
respective acidities. In addition, a thiol group is a stronger nucleophile than an alcohol
helping to promote the substitution reaction. Based on this consideration, KOH was used in
this reaction. The graft copolymers DNBT-PPO, DNBT-PEO and F8BT-PEO were successfully
synthesized using KOH as a base. As the graft copolymers DNFBT-PPO, DNBT-SPEO and
F8BT-SPEO were not soluble in water, the crude product was precipitated into water to
remove the excess polymer PPO or SPEO. However, the graft copolymer DNBT-PEO and
F8BT-PEO were both soluble in water. Therefore after reaction, the reaction solvents
(mixture of chlorobenzene and DMSO) was removed by heating and the crude products
were dissolved in distilled water. The excess polymer PEO were removed by dialysis for 2
days. However, attempts to graft PNIPAM to conjugated backbone went unsuccessful which
was maybe due to poor stability at high temperature and strongly basic reaction

environment.

4.2.2 NMR analysis

All the graft copolymers were confirmed by DOSY-NMR, '"H-NMR and F-NMR. Take
polymer DNBT-PEO for example. The **F-NMR shows no fluorine signal which indicated the
fluoride was fully substituted by side chain PEO. Besides, the protons from the side chain
PEO were dominant in *H-NMR and the proton signal from conjugated backbone DNBT was
very weak (Appendix Figure 35). As the side chain PEO has a very high molecular weight
(M,= 10,000 g/mol, PDI<1.3), which means the proton signal is tremendously more intensive
than DNBT’s (molecular weight of repeating unit was 487) proton signal. That is the reason
that the *H-NMR shows dominant PEO signal. The DOSY NMR of DNFBT and PEO mixtures
was investigated (Appendix Figure 36). In DOSY NMR, each component in a mixture can be
pseudo-separated, based on its own diffusion coefficient.®® Clearly, the proton signal
consisted of three parallel signal lines, and the first signal line belonged to the deuterated

solvent (CDCls). The second and third signal lines belonged to PEO and DNFBT respectively.
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Apparently, the proton signal of DNFBT and PEG was from two separated signal lines.
Besides, the DOSY NMR of DNBT-PEO alone was investigated (Appendix Figure 37). As
expected, there was only one signal line which meant all the protons were from DNBT-PEO,

indicating the high purity of DNBT-PEO.

4.2.3 UV-Vis absorption

The graft copolymers were also confirmed by the absorption spectra (Figure 56). All
polymers demonstrated two absorption bands, a high energy band corresponding to the
n-it* transition and a low energy band corresponding to the ICT. Clearly, after the fluoride
fully substituted by side chains, the intensity of low energy band was reduced. The intensity
reduction in the low energy band is related to the change in electron accepting ability of the
BT comonomers as the electron deficient fluoride is replaced by less electron deficient side
chains, which was the same as discussed in Chapter 2 (see 2.3.1). Besides, a new absorption
peak is observed between 360 to 370 nm for graft copolymers F8BT-SPEO and DNBT-SPEO
containing thioalkyl group. The additional intense absorption is due to Ngyf—> m*

transitions, which was the same as discussed in Chapter 3 (see 3.4.1).
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Figure 56 UV-Vis absorption of F8FBT, DNFBT and graft copolymers in chloroform

4.3 Solution behavior of graft copolymers

The temperature-responsive properties of the graft copolymers was investigated initially by
heating the aqueous solutions at temperature above LCST and then cooling at temperature
below LCST. The overall solution behaviors of graft copolymers which are dependent on the
“side chain” PEO, PPO and SPEO are summarized in Figure 58. It was found that F8BT-SPEO
containing poly(2-ethyl-2-oxazoline) (M,= 2,000 g/mol) was not soluble in water. Besides,
F8BT-SPEO was not responsive to pH or CO, as expected. But it demonstrated excellent
solubility in polar solvents (methanol, DMSO) (Appendix Figure 38) as a result of the
hydrophilic side chain, poly(2-alkyl-2-oxazoline) (M,= 2,000 g/mol). Increasing the length of
the graft, F8BT-PEO containing poly(2-alkyl-2-oxazoline) (M,= 10,000 g/mol) was soluble in
water but not pH or CO, responsive. Heating solution of F8BT-PEO did not result in any
obvious LCST phenomenon. We believe this may be due to the low polymer concentration
because of F8BT-PEQ’s limited solubility in water (less than 1 mg/ml). DNBT-SPEO
containing poly(2-ethyl-2-oxazoline) (M,= 2,000 g/mol) was not soluble in water even at the
boiling temperature similar to F8BT-SPEO, but was soluble in water after bubbling with CO,
at room temperature (Figure 57). Neutralizing the resulting solution with the NaOH resulted
in becoming cloudy. But after bubbling with CO, again, the solution then becomes

transparent. However, when the CO, saturated solution was heated to boiling temperature
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of water, no soluble-to-insoluble phase transition was found. It means that DNBT-SPEO is

not thermo-responsive, but only CO, responsive.

o
g

Figure 57: DNBT-SPEO before (left) and after (right) bubbling with CO,

DNBT-PEO containing poly(2-ethyl-2-oxazoline) (M,= 10,000 g/mol) was pH, CO,, and
thermo-responsive. The thermo-response of DNBT-PEO is summarized in Figure 59.
DNBT-PPO containing poly(2-propyl-2-oxazoline) (M,= 10,000 g/mol) was not water soluble.
It is maybe due to the grafted side chain poly(2-propyl-2-oxazoline) being less hydrophilic
than poly(2-ethyl-2-oxazoline). Nevertheless, DNBT-PPO demonstrated excellent solubility

in polar solvents (methanol, DMSO) (Appendix Figure 39).
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Figure 58 Summary of the solution behaviors of graft copolymers
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4.3.1 Effect of polymer concentration.

It was found that the aqueous solution of DNBT-PEO was transparent at room temperature.
Upon heating the solution above LCST, it becomes cloudy and further becomes transparent
when cooling down to room temperature. This process confirms the reversible soluble to
insoluble phase transition of DNBT-PEO at LCST. The LCST of the thermo-responsive
polymers was determined by transmittance analysis at 550 nm on a Varian 100 UV-vis
spectrophotometer equipped with a thermo-regulator (1 °C) with the heating/cooling rate
at 1 °C/min, in which the LCST was determined at 50% transmittance of the maximal and

minimal transmittance.?'¢72!®

For example, the transmittance of DNBT-PEO (0.5 wt%) at
25°C was 76% and the transmittance decreased to 58% when the temperature was 70°C.
The transmittance decreased further to only 2.4% when the temperature reached 80°C. The
transmittance remained around 2.4 % even reaching 85°C. So the 50% transmittance of the
maximal (76%) and minimal transmittance (2.4%) was 39.2% and the corresponding
temperature was 72°C with a transmittance of 38.8%. Then 72 °C was the LCST of

DNBT-PEO (0.5 wt%) (Figure 59).
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Figure 59: LCST of DNBT-PEO (0.5 wt%) measured by transmittance

Furthermore, as the polymer concentration can affect the LCST, the effect of concentration
on LCST of DNBT-PEO was investigated. The temperature dependent transmittance for

0.25wt%, 0.5 wt % and 1.0 wt % aqueous DNBT-PEO solutions is shown in Figure 60.
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Figure 60 The effect of the polymer concentration on LCST of DNBT-PEO.

Figure 60 indicates the LCST of DNBT-PEO is directly correlated to polymer concentration.
The LCST decreases from 76 to 70 °C when the concentration of polymer increases from
0.25 to 1.0 wt %. This is maybe because the polymer-polymer inter- and intramolecular
hydrophobic interactions increase as concentration increases and extensive hydrogen
bonding interactions are less pronounced between water molecules and polymer molecules.
Less energy input is required to disrupt these interactions. Therefore, the transition
temperature is lowered. The reversible soluble-to-insoluble phase change structure is
demonstrated in Figure 61. Also, the soluble-to-insoluble phase change structure is

confirmed by dynamic light scattering (DLS).

~——~~—— Hydrophilic side chain

~~—"" Hydrophobic conjugated backbone

Figure 61. Reversible soluble-to-insoluble phase structure of DNBT-PEO.
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Figure 62. Hydrodynamic radius distributions, f(Ry), obtained at 25 °C and 75 °C for the aqueous solutions of
DNBT-PEO (0.5 wt%).

The hydrodynamic size distribution of DNBT-PEO in water (0.5 wt%) at 25 °C and 75 °C is
demonstrated in Figure 62. DNBT-PEO demonstrates a number-average hydrodynamic
radius, Ry, 122 nm for 25 °C and 295 nm for 75 °C. Clearly, when the temperature is above
LCST (72 °C at 0.5 wt%), the size of DNBT-PEO increased dramatically from 122 nm to 295
nm. The conjugated backbone is water insoluble, but the ‘side chain’ PEO is water soluble.
When the temperature of aqueous solution is above LCST, the DNBT-PEO aggregates into
the structure, which is expected to have a hydrophobic core and a hydrophilic corona

(Figure 61).

4.3.2 Effect of isotopic solvent

Isotopic solvents are useful to study intermolecular forces, especially hydrogen-bonding
interactions.?* For example, the LCST of PNIPAM in D,0 is 1 °C higher than in HZO,220 while
the LCST of poly[N-(2-methacryloyloxyethyl)pyrrolidone] (PNMEP) in D,O is 8.5 °C lower
than in H,0**! (Figure 63). According to the category of thermo-responsive polymers

222 pelow the

summarized by Hudson, PNIPAM and PNMEP belong to two different types.
LCST, PNIPAM is in coil conformation because of the hydrogen-bonding interactions
between the polymer and water molecules. However, when the temperature is above the
LCST, the hydrogen-bonding interactions are broken, and the polymer chains collapse into

223,224

globule conformation. For PNMEP, their LCST transitions are from intermolecular
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interactions such as hydrogen bonding and hydrophobic interactions. During the LCST
transition, PNMEP did not undergo intramolecular conformation collapse like the PNIPAM,

but their hydrophilic-hydrophobic balance is broken, resulting in PNMEP’s intermolecular

aggregation.’>?%

CHj

DY 0
N
PNIPAM o@ PNMEP

Figure 63 Structures of PNIPAM and PNMEP

As the hydrogen bonding of PNIPAM amides with the D,0 is 5% stronger than that with
H,0,%*’ therefore more energy is needed to break these hydrogen bonds to collapse into
globule conformation. This leads to a higher LCST of PNIPAM in D,0 than H,0. As the
hydrophobic interactions were slightly weaker in D,0 than in H,0,%*® less energy is needed
to break the hydrophilic-hydrophobic balance. This maybe lead to a lower LCST of PNMEP in
D,0 than H,0. Figure 64 indicates that the LCST of DNBT-PEO (0.5 wt%) in deuterated water
(D,0) is slightly lower than that in water (H,0) (68 °C vs 72 °C), similar to PNMEP in

deuterated water.'®
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Figure 64. Temperature-dependent transmittance of the aqueous solution of DNBT-PEO in H,0 and D,0, in

which the polymer concentration is 0.5 wt %.
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4.3.3 'H-NMR analysis at different temperatures
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Figure 65. Stacked temperature variable "H-NMR spectra of DNBT-PEO in D,0 at different temperatures (0.5

wt%).

In order to understand this behavior above LCST for 0.5wt % DNBT-PEO, temperature
variable 'H-NMR analysis was performed in D,0. The 'H-NMR spectra of DNBT-PEO with
change of temperature from 66 to 72 °C is demonstrated is Figure 65. The temperature
range is decided as such is due to the LCST of 0.5wt % DNBT-PEO in D,0 being 68 °C. The
noise of each measurement has been taken into account, data are normalized by the
internal standard of water signal at 6 = 4.70 ppm. Weakening of the signal amplitude for
protons a, b, ¢, d upon heating from 66 to 72 °C is apparent. This observation is consistent
with the observations of decreasing transmittance upon heating. This suggests the polymer
chains are dehydrated upon heating. This is because the polymer chains exhibit weaker

hydrogen bonding interactions with water upon heating.
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Figure 66. The temperature-dependent signals of the characteristic protons on the backbone and side chain of

PEO (0.5 wt %).

To quantify and get a deeper insight for the change of signal amplitude, three characteristic
signals, a, b (NCH,CH,) with 6 = 3.92-3.82 ppm, ¢ (NCOCH,) with & = 2.75-2.64 ppm and
(NCOCH,C!/.) with 6 = 1.43-1.38 ppm, which are normalized by the internal standard of H,0

at = 4.70 ppm, at different temperatures are demonstrated in Figure 66. These three
protons signals are chosen, since the corresponding protons signals can be affected by
hydrogen bonding and therefore can provide the information about the hydrogen bonding

between the polymer chains and the D,0 solvent.?”

As demonstrated in Figure 66, the
normalized integral of all three signals decreases at temperature from 66 to 72 °C. In
comparison, the signals of a and b decreases slightly faster than ¢ and d in this temperature
range. Therefore, the decrease of solubility is due to the weakening/disrupted hydrogen
bonding interactions between a, b, ¢ and < moieties with D,O in which a and b moieties

make a slightly greater contribution.

4.3.4 Effect of addition NaCl

Some additions which could affect the LCST of polymer have been reported, such as
NaCl.2%%! It is because the addition of electrolytes provokes flocculation of the aqueous
colloidal dispersions and this phenomenon is called the salting out effect.?*? The effect of

NaCl on the LCST of DNBT-PEO was investigated as demonstrated in Figure 67. 0.5 wt%
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DNBT-PEO solution were made first, then NaCl was added to make DNBT-PEO aqueous
solution containing different NaCl concentrations. For some thermo-responsive polymers,

233 the LCST of the thermo-responsive polymers generally decreases

such as polyacrylamides,
with adding inorganic salts. When no NacCl is added in the solution, there are significant
amount of hydrogen bonding interactions between water molecules and hydrophilic parts
of the polymers. However, the hydrogen bonding interactions between polymer chains with
water molecules are disrupted by charged ions when NaCl is added in aqueous solution. This
is because charged ions interact stronger with water molecules. Therefore, the

polymer-polymer inter- and intramolecular hydrophobic interactions is more pronounced

and the solubility of polymer decreases.
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Figure 67. Effect of NaCl on the LCST of the 0.5wt % DNBT-PEO aqueous solution.

As seen in Figure 67, similarly with the LCST-type thermo-responsive polymer mentioned
above, the LCST of the 0.5 wt % aqueous solution of DNBT-PEO decreases from 72 to 54 °C
when the NaCl concentration increases from 0 to 1.0 mol-dm™. Clearly, the LCST of

DNBT-PEO can be easily tuned by adding inorganic salts.

4.3.5 Effect of Urea.

The addition of urea is usually used to diagnose the hydrogen bonding between the polymer

chains and the solvent to check the solution-to-insoluble phase transition of

234,235

thermo-responsive polymers at LCST. For some thermo-responsive polymers, like
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PNIPAM, which are capable of undergoing hydrogen bonding with urea, the LCST usually

decreases with the addition of urea.”*®

However, for other thermo-responsive polymers,
like poly(2-oxazoline)s and poly(vinyl ether)s which are incapable of forming hydrogen
bonding with urea, the LCST usually increases with the addition of urea.””® 0.5 wt%
DNBT-PEO solution were made first, then urea was added to make DNBT-PEO aqueous
solution containing different urea concentrations. Figure 68 indicates that the LCST of the
0.5 wt % aqueous solution of DNBT-PEO increases from 72 to 81 °C when the concentration
of the urea increases from 0 to 0.5 mol- dm™. This suggests that the present

thermo-responsive DNBT-PEO in the presence of urea undergoes the phase transition

similarly with PEO but differently with PNIPAM.
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Figure 68. Effect of Urea on the LCST of the 0.5wt % DNBT-PEO aqueous solution.

4.3.6 pHresponse

It is expected that DNBT-PEO is pH and CO, responsive because of the existence of basic
dimethylamino groups on the conjugated backbone. The LCST of DNBT-PEO at the pH range
from 2.47 to 12.02 is shown in Figure 69. Furthermore, the effect of pH on the optical
properties of DNBT-PEO was also investigated. Figure 69 indicates that DNBT-PEO in the
aqueous solution with pH 2.47, and no soluble-to-insoluble phase transition is observed in
the temperature window from 25°C to 85°C. Dissolving DNBT-PEO directly in neutral water
leads to the 0.50 wt % aqueous solution with pH 7.2, and the varied pH aqueous solution of

DNBT-PEO is prepared by adding suitable amount of pH 1.0 M HCl or 1.0 M NaOH aqueous
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solution. At case of pH > 7.2, the soluble-to-insoluble phase transition of DNBT-PEO is
observed. It is found that the LCST of DNFBT-PEO decreases from 70 to 68 °C due to the
salting-out effect when pH increases from 8.26 to 10.12. When the pH of the DNBT-PEO
aqueous solution increases to pH = 12.02, due to the salting-out effect caused by NaOH, the
LCST decreases further to 63 °C. The lack of LCST at low pH is likely due to the positive

charge on the side chains. This will prevent collapse of the main chain due to columbic

repulsions.
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Figure 69 pH-dependent transmittance of the 0.50 wt % DNBT-PEO aqueous solution

Also, we studied the absorption properties of DNBT-PEO solutions with varied pH values to
obtain the correlation for pH and absorption. Changes induced by the pH on the absorption
spectra of DNBT-PEO are demonstrated in Figure 70A. When the pH is in the range of 8.8 to
12.7, the absorption spectra of DNBT-PEO are almost same and display two bands with
peaks at 339 and 449 nm, which are assigned to the m—mnt* transitions of the conjugated main
backbone and the ICT respectively.50 However, when the pH was adjusted below 7.3, the
two absorption bands both show slight blue-shift with two peaks around 330nm and 429nm
respectively. Also, the normalized intensity of ICT becomes stronger when pH changes from
8.8 to 7.3. Generally, the neutral amino groups of DNBT-PEO will be protonated in the
presence of an acid environment. Thus, the blue shift of the UV-vis absorption of DNBT-PEO
in acidic environment compared to that in basic environment can be explained by the

decreased conjugation length caused by electrostatic repulsions between positively charged
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ammonium groups. Similar observations have been made in other conjugated polymers.237

The UV-vis absorption of DNBT-PEO at pH 4.9 is almost same as those for pH < 4.9 suggests
the formation of stable cationic species in the aqueous system in the presence of acid.
When the pH value is increased to higher than 7.3, the positive charges could be partially
neutralized by NaOH. Consequently, the decreased charge density on polymer leads to the
conjugate backbone more planar, which results in the red shift of the UV-vis absorption in

basic environment.?*®
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Figure 70 A) Aqueous solution of DNBT-PEO in different pH; B) Fluorescent spectra of DNBT-PEO in aqueous

solution with varied pH
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Figure 71 DNBT-PEO (0.5 wt%) in pH 1.4 (left) and 12.7 (right)

As expected from the UV, the color of DNBT-PEO at pH 1.4 and 12.7 are slightly different
and the aqueous solution pictures are shown in Figure 71, As demonstrated in Figure 70B,
the relative fluorescence intensity of DNBT-PEO changed in varied pH, but the emission
wavelength did not. Clearly, the fluorescence intensity is strong when pH is in the acid
range. The fluorescence intensity decreases sharply when the aqueous solution becomes
basic. There is a little change in the intensity or shape of the emission band as the pH
increases from 1.5 to 5.2. A reduction of 36% in the emission intensity is observed when the
pH is changed from 5.2 to 8.3. The PL intensity then decrease gradually down to pH = 12.3.
The similar emission wavelength is presumably due to structured rearrangement following
photo excitation, such that fluorescence emits from a common, more planar segment. The
decrease in intensity is likely because the polymers became more aggregated when the

electrostatic repulsion is reduced at high pH.238
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Figure 72 Aqueous solution of F8BT-PEO in different pH
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As polymer F8FBT-PEO is water soluble, the UV of aqueous solution of F8BT-PEO at the pH
range from 1.84 to 12.26 is summarized as Figure 72. The absorption of F8BT-PEO displays
two bands at 324 and 445 nm, which are assigned to the n—-m* transitions of the conjugated
backbone and the ICT respectively. Clearly, there is little change of the absorption shape at

varied pH, which indicates that F8BT-PEO is not pH responsive.

4.3.7 CO,response

CO, responsive polymer materials attracts considerable attention due to its low cost,

nontoxicity, biocompatibility and good reversibility, and the use of CO, as a “green” trigger

239-241

for responsive polymers is also promising for applications. Responsive mechanisms of

CO, responsive polymers can be divided into three categories according to their responsive

242

behaviors.”™ The first group features responsive groups such as amidines, tertiary amines,

215,243

bulky secondary amines and bulky primary amines. They can switch from neutral to

cationic when reacting with CO, in water.?**

In the second category, the responsive groups
(carboxylic and phenols) change from a neutral moiety to a charged moiety with the
addition of CO,.* The third category consists of responsive groups, i.e., amines having N-H
bonds and no bulky group adjacent to the nitrogen. Amines can react with CO, to form an

. . . . . 24 . .
“ammonium carbamate salt bridge,” which results in a cross-link. ®  Amidines and

guanidines that contain an N—-H bond also belong to this category.
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Figure 73 Temperature-dependent transmittance of the 0.50 wt % DNBT-PEO aqueous solution upon the
N,/CO, bubbling
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The amine-based DNBT-PEO was investigated with CO, in water. The LCST of DNBT-PEO
disappears after bubbling with CO, and then reversibly recovers upon removal of CO, by
bubbling with N, (Figure 73). This is presumably due to protonation of the dimethylamine
groups by carbonic acid. As seen no LCST is observed when the amine groups are
protonated. Then DNBT-PEO becomes reversibly thermo-responsive with the LCST at 76 °C
after bubbling with N,, and DNBT-PEO further becomes soluble in water after bubbling CO,.
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Figure 74. Fluorescence spectra of DNBT-PEO in solution upon CO,/N, bubbling

As we can see, the transmittance quickly dropped from 75% to nearly 0% when DNBT-PEO
solution was placed at a relatively higher temperature (76 °C), subsequently cooling the
aqueous solution could reversibly increase the transparency to its original value again. Three

heating—cooling cycles were repeated, indicating the excellent repeatability of DNBT-PEO.
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As shown in Figure 74, the fluorescence intensity of DNBT-PEO increased after CO,
exposure. The fluorescence intensity decreased after bubbling with N, which was
agreement with Figure 70B that the intensity was stronger in protonation system. Clearly,
the solution demonstrated good fluorescent reversibility upon three consecutive CO, and N,
cycles, which indicated that DNBT-PEO can be used as a fluorescent sensor for CO,.
Interestingly, the DNBT-SPEO cannot dissolve in water, but it becomes water soluble after
bubbling with CO,. The polymeric tertiary amines are more hydrophobic in their neutral
form and more hydrophilic when the tertiary amine group becomes protonated to make the
bicarbonate salt. The bicarbonate salt after CO, bubble aid the solubility in water and that is
the reason DNBT-SPEO can dissolve after CO, bubble.?*®> This protonation and

deprotonation can be performed reversibly by addition and removal of CO, (Figure 75).

o
H HCO; H;0+ CO,

he —_—

Hydrophilic

Figure 75 CO,-switchability mechanism of DNBT-SPEO in water

Besides, the LCST of the CO, saturated aqueous solution was investigated and summarized
in the Figure 76. Clearly, the CO, saturated aqueous solution did not demonstrate reversible
soluble-to-insoluble phase transition at the temperature range from 25 to 85°C, which

means the CO, saturated DNBT-SPEO aqueous solution is not thermo-responsive.
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Figure 76 The transmittance of the CO, bubbling DNBT-SPEO aqueous solution
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4.4 Conclusions

In this chapter, a series of graft copolymers have been synthesized through
post-polymerization and characterized. Among these polymers, the graft copolymer
DNBT-PEO is thermo- and pH/CO,-responsive. Appending diethylamino groups on the
conjugated backbones endows the graft copolymer DNBT-PEO to give response to pH and
CO,. Also, the graft copolymer DNBT-PEO is thermo-responsive because of the grafted
polymer PEO. The LCST of DNFBT-PEO in aqueous solution decreased from 76 to 70 °C when
the polymer concentration increases from 0.25 wt% to 1.0 wt%, which indicates that its
thermal transitions can be tunable by only changing the solution concentration. It is found
that the LCST of DNBT-PEO in deuterated water (D,0) is slightly lower than those in water
(H,0), and the LCST decreases with the addition of NaCl, and increases with the addition of
urea. The temperature-variable *H-NMR analysis suggests that the dehydration of DNBT-
PEO at temperature above LCST is ascribed to the weakened or disrupted hydrogen bonding
by (NCH,CH,), (NCOCH,) and (NCOCH,C'/.) moieties with water. The pH also affects the
thermo-response of DNBT-PEO, as indicated by the decreasing LCST of DNBT-PEO with the
pH increasing. Also, the fluorescence intensity in acid range is much stronger than the basic
range. Besides, the thermo-response of DNBT-PEO can be reversibly tuned by N,/CO,
bubbling. The graft copolymer DNBT-PEO synthesized by post-polymerization helps to open

a new strategy to design multi-stimuli-responsive polymeric materials.

4.5. Experimental methods

4.5.1 Characterization

The molecular weight and the Dy of the synthesized polymers were determined by GPC
equipped with a Waters 600E GPC system, where chlorobenzene was used as the eluent and
the narrow-polydispersity polystyrene was used as the calibration standard. The 'H-NMR,
FLNMR and DOSY-NMR analysis were performed on a Bruker Avance Il 400 MHz NMR
spectrometer, and for polymers dissolved in CDClz and D,0, the proton signals at 6 = 7.26

ppm and 6= 4.79 ppm of the internal solvents were used as standard.
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4.5.2 Dialysis process

First, hydrated the 20K cassette for 5 minutes in deionized water. Then removed excess
water and filled the syringe with the sample. With the bevel sideways, inserted the tip of the
needle through one of the syringe ports located at a top corner of the cassette. Injected
sample slowly. Kept the cassette in the deionized water for 2 days and changed the
deionized water every 12 hours. With the bevel sideways, inserted the tip of the needle
through another syringe port located at a corner of the cassette. Withdrew the sample into

the syringe.

4.5.3 Materials.

2, 7-Dibromofluorene(97%, Sigma Aldrich), 3-dimethylamino-1-propyl chloride
hydrochloride(96%, Sigma Aldrich), 2-isopropoxy, 4, 4, 5, 5-tetramethyl-1, 3,
2-dioxaborolane(98%, Sigma Aldrich), 4, 7-dibromo-5-fluoro-2, 1, 3-benzothiadiazole(96%,
Sigma  Aldrich),  n-Butyllithium  solution(1.6 M in  hexanes, Sigma Aldrich),
tetrakis(triphenylphosphine)palladium(0)(99.9%, Strem  Chemicals),  poly(2-ethyl-2-
oxazoline) (M,= 10,000 g/mol, PDI <£1.3) (Sigma Aldrich), poly(2-ethyl-2-oxazoline)( a-benzyl,
w-thiol terminated, M,= 2,000 g/mol, PDI <1.3) (Sigma Aldrich), poly(2-propyl-2-oxazoline)
(M,= 10,000 g/mol, PDI <1.2) (Sigma Aldrich) and Slide-A-Lyzer Dialysis Cassettes (20K
MWCO, 3ml) (ThermoFisher SCIENTIFIC)were used as received. Other chemical reagents
were of analytical grade and were also used as received. Deionized water was used in the

present experiment.

4.5.4 Synthesis

2,7-dibromo-N,N,N',N'-tetramethyl-9H-fluorene-9,9-dipropanamine."’

To a stirred mixture of 2, 7-dibromofluorene (6.04 g, 18.64 mmol) and DMSO (50 ml) under

nitrogen were added tetrabutylammoium bromide (80 mg) and 50 wt % aqueous solution of
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NaOH (8 ml). A DMSO solution (10 ml) of 3-dimethylaminopropylchloride hydrochloride
(8.25 g, 52.2 mmol) was added drop-wise to the mixture. The reaction mixture was stirred at
90 °C for 24 h and then was diluted with 50 mL of water. The product was extracted with
ether (3 x 100 mL) and the combined organic layer was washed with 10% NaOH (aq) (2 x
100 mL), water (3 x 100 mL). The solution was dried over MgSQ,, filtered, and removed by
vacuum evaporation to yield a crude solid. The crude product was purified by column
chromatography using methanol as the eluent to give pure monomer 4.2 (Yield 52%).
'H-NMR (400 MHz, CDCl5) 6 7.53-7.44 (m, 2H), 7.50 — 7.44 (m, 4H), 2.09 — 1.92 (m, 20H),
0.77 (m, 4H).

2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)-9,9-bis(6-(N,N-dimethylamino)-
propyl)fluorine. 2’

o'o »e

To a solution of 2, 7-dibromo-N, N, N', N'-tetramethyl-9H-fluorene-9, 9-dipropanamine (1 g,

\

/

2.02 mmol) in anhydrous THF (15 mL) at -78 °C, 2.8 mL (4.45 mmol) of n-butyllithium (1.6M
in hexane) was added by syringe. The mixture was stirred at -78 °C for 60 min. 2-isopropoxy-
4, 4, 5, 5-tetramethyl-1, 3, 2-dioxaborolane (1.7 mL, 8.1 mmol) was added rapidly to the
solution, and the resulting mixture was warmed to room temperature and stirred for 24 h
under argon. The mixture was poured into water and extracted with ether. The combined
organic layer was washed with brine and dried over MgSQO,4. The solvent was removed by
rotary evaporation, and the residue was purified by recrystallization from acetone to
provide 0.72 g product (Yield 61%).

'H-NMR (400 MHz, CDCl3) & 7.83 —7.72 (m, 6H), 2.10 — 2.03 (m, 4H), 2.03 — 1.94 (m, 20H),
1.39 (s, 24H), 0.75 (m, 4H).
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A mixture of 2, 7-bis(4, 4, 5, 5-tetramethyl-1,3,2-dioxaborolane-2-yl)-9, 9-bis(6-(N,N
dimethylamino)-propyl)fluoride (484.01 mg, 0.823 mmol), 4, 7-dibromo-5-fluoro-2, 1, 3
benzothiadiazole (256.58 mg, 0.823 mmol), Pd(PPhs3); (19.1 mg, 0.0165 mmol), toluene
(6ml), Aliquet 336 (0.2 ml) and 3ml of K,CO3 (50 wt%) aqueous solution were degassed with
nitrogen and stirred at 120°C for 3 days. After cooling to room temperature, the solution
was precipitated into methanol and water mixture (1:1, v:v). Then the product was washed
with acetone for 24 hours, and the polymer was dissolved in chloroform. The dissolved
polymer was precipitated into acetone again, filtered and dried to give pure DNFBT. (296
mg, 74% yield).

Mp: 26.0 kDa, M,,: 87.51 kDa, M,,/M,, (D): 3.37

'H-NMR (400 MHz, CDCl3) & 8.31 — 7.80 (m, 7H), 2.41 — 2.07 (m, 20H), 1.36 — 1.04 (m, 4H).
E_NMR (400 MHz, CDCl5) 6 -114.4 ppm

F8FBT (Refer to Chapter 2)

|
N\S/
IH-NMR (400 MHz, CDCls) & 8.15 — 7.79 (m, 7H), 2.16 (m, 4H), 1.33 — 1.08 (m, 20H), 0.99 (m,
4H), 0.84 (m, 6H).

1SE_.NMR (400 MHz, CDCl5) § -114.5 ppm

DNBT-PPO
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A mixture of DNFBT (7.5 mg, 0.015 mmol), poly(2-propyl-2-oxazoline) (M,= 10,000 g/mol,
PDI<1.2) (300 mg, 0.03 mmol) and KOH (16.8 mg, 0.3 mmol) were added to high pressure
vial. The vial was sealed with a septum and degassed with nitrogen, before anhydrous
chlorobenzene and DMSO (3:1=v:v, 10 ml in total) were added. The solution was heated at
120°C for 2 days. After reaction, the resulting solution was precipitated into water. Collect
the precipitation and dried overnight to yield DNBT-PPO (132 mg, 81% yield) as yellow solid.
'H-NMR (400 MHz, d-DMSO) shows dominant PPO signal.

6 2.97 (m, 4H), 2.27 (t, /= 6.0 Hz, 2H), 1.54 (m, 2H), 0.89 (t, / = 6.0 Hz, 3H).

YE.NMR (400 MHz, CDCl3) demonstrates no fluorine signal.

High purity was confirmed by DOSY-NMR (Appendix Figure 33, 34).

DNBT-PEO

A mixture of DNFBT (4.3 mg, 0.0084 mmol), poly(2-ethyl-2-oxazoline) (M,= 10,000 g/mol,
PDI< 1.3) (168 mg, 0.0168 mmol) and KOH (9.4 mg, 0.168 mmol) were added to high
pressure vial. The vial was sealed with a septum and degassed with nitrogen, before
anhydrous chlorobenzene and DMSO (3:1= v:v, 8 ml in total) were added. The solution was
heated at 120°C for 2 days. After reaction, remove the solvent and dissolve the product with
deionized water. The product was purified by dialysis in deionized water for 2 days (change
the deionized water every 12 hours). Then dry the aqueous solution by heating and the
product was bright yellow (73 mg, 79% yield)

'H-NMR (400 MHz, CDCl5) shows dominant PEO signal

& 3.59 (m, 4H), 2.44 (m, 2H), 1.13 (m, 3H).

YELNMR (400 MHz, CDCl;) demonstrates no fluorine signal.

High purity was confirmed by DOSY-NMR (Appendix Figure 36, 37).
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DNBT-SPEO

A mixture of DNFBT (13 mg, 0.027 mmol), poly(2-ethyl-2-oxazoline) (a-benzyl, w-thiol
terminated, average M, 2,000 g/mol, PDI <1.3) (108 mg, 0.054 mmol) and K,COs (74.6 mg,
0.54 mmol) were added to high pressure vial. The vial was sealed with a septum and
degassed with nitrogen, before anhydrous chlorobenzene and DMSO (3:1= v:v, 10 ml in
total) were added. The solution was heated at 120°C for 24 hours. After reaction, the
resulting solution was precipitated into water. Collect the precipitation and dry the
precipitation to give pure DNBT-SPEO (52 mg, 78% yield).

'H-NMR (400 MHz, CDCl3) shows dominant SPEO signal.

6 3.57 (m, 4H), 2.42 (m, 2H), 1.13 (m, 3H).

SELNMR (400 MHz, CDCl;) demonstrates no fluorine signal.

High purity was confirmed by DOSY-NMR (Appendix Figure 30, 31).

F8BT-SPEO

&
m
e

CgH47 CgH47

osaaty

N,\SIN

A mixture of F8FBT (6.2 mg, 0.011 mmol), poly(2-ethyl-2-oxazoline)( a-benzyl, w-thiol
terminated, average M,= 2,000 g/mol, PDI <1.3) (44 mg, 0.022 mmol) and K,COs (30.4 mg,
0.22 mmol) were added to high pressure vial. The vial was sealed with a septum and
degassed with nitrogen, before anhydrous chlorobenzene and DMSO (3:1=v:v, 8 ml in total)
were added. The solution was heated at 120°C for 24 hours. After reaction, the resulting
solution was precipitated into water. Collect the precipitation and dry the precipitation to

give pure F8BT-SPEO (19 mg, 65% yield).
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'H-NMR (400 MHz, CDCl3) shows dominant SPEO signal

8 3.56 (m, 4H), 2.44 (m, 2H), 1.16 (m, 3H).

SELNMR (400 MHz, CDCl;) demonstrates no fluorine signal.

High purity was confirmed by DOSY-NMR (Appendix Figure 24, 25).

F8BT-PEO

3

m

A
CgH47 CgH47
ote by

N’\S'N

A mixture of F8FBT (7 mg, 0.013 mmol), poly(2-ethyl-2-oxazoline) (M,= 10,000 g/mol,

PDI<1.3) (260 mg, 0.026 mmol) and KOH (14.6 mg, 0.26 mmol) were added to high pressure

vial. The vial was sealed with a septum and degassed with nitrogen, before anhydrous

chlorobenzene and DMSO (3:1=v:v, 10 ml in total) were added. The solution was heated at

120°C for 2 days. After reaction, remove the solvent and dissolve the products with

deionized water. The product was purified by dialysis in deionized water for 2 days (change

the deionized water every 12 hours) to remove excess PEO. Then dry the aqueous solution

by heating and the product was yellow (103 mg, 75% yield).

'H-NMR (400 MHz, CDCl5) shows dominant PEO signal.

& 3.52 (m, 4H), 2.38 (m, 2H), 1.08 (m, 3H).

SELNMR (400 MHz, CDCl;) demonstrates no fluorine signal.

High purity was confirmed by DOSY-NMR (Appendix Figure 27, 28).
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5. pH-responsive optical properties of water soluble

conjugated polyelectrolytes

5.1. Introduction

Conjugated polyelectrolytes (CPEs) have been studied widely for applications in
optoelectronic devices, chemo-/biosensors and biological imaging, etc. The chemical and
physical properties of CPEs are based on the conjugated main backbone and ionic pendant
groups. In Chapter 3, the applications of CPEs as interfacial layers in OPV and OLED have
been investigated. Conjugated polyampholyte (CPA), another type of ionic conjugated
polymer, has also been used for a variety of applications. CPA is a zwitterionic structure, i.e.

248,249

containing cationic and anionic groups on a polymeric backbone simultaneously. Figure

77 displays the structures of two CPA synthesized by post-polymerization in this chapter.

250,251

CPA has been used as adsorptive materials for the removal of heavy metals or

252,253

applied as a stabilizer for catalysts. More importantly, CPA can make a contribution to

the understanding the solution behaviour of biological materials, such as proteins and can

2347256 The excellent water solubility

be used for applications in biotechnology and medicine.
with the useful optical and electrical properties (from the conjugated backbone) makes CPA
as a sensor platform in agueous media.

As CPA contains cationic and anionic groups, they can be mainly categorized into four
classes based on their the pH response:*’ (1) polyampholytes have strong cationic (i.e.,
guaternary alkyl ammonium groups) and strong anionic groups (i.e., sulfonate groups). The
strong anionic and cationic remain unchanged over the whole range of pH; (2)
polyampholytes have weak anionic groups (e.g., carboxylate groups) which can be
neutralized at low pH, combined with strong cationic groups which remain unchanged over
the whole range of pH ; (3) polyampholytes have weak cationic groups (e.g., amine
hydrohalides) and strong anionic groups and the weak cationic groups can be neutralized at
high pH; (4) polyampholytes have both weak anionic and weak cationic groups and the two

ionic groups are both responsive to pH. Clearly, the two CPA synthesized in this chapter

with weak cationic groups and strong anionic groups at low pH belong to type 3. The amine
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group can be protonated in acidic environment and neutralized when the pH increases to
basic range.

Two CPA containing same conjugated backbone but with different densities of ionic groups
have been synthesized. Poly(ethylene glycol) (PEG) is very hydrophilic and it has been widely
integrated into biomaterials to suppress nonspecific adsorption of biological

substances.**%%°

PEG and ionic groups were grafted to the hydrophobic conjugated
backbone to improve the water solubility of CPA via post-polymerization. The synthesized
conjugated polyampholytes consist of three parts, a hydrophobic conjugated backbone, a
hydrophilic PEG (M,= 10,000 g/mol) and an ionic sulfonic group. The intermolecular

interactions of two CPA at different pH will be investigated in this chapter.

Protonation in acidic media

Low pH

Figure 77. Molecular structure of conjugated polyampholytes.

5.2. Synthesis of polyampholytes

5.2.1 Synthesis routes

The synthetic route toward the DNBT-20%-80% and DNBT-40%-60% are shown in Scheme
7. First, DNFBT (M,= 38,500 g/mol, M,,= 65,100 g/mol, PDI= 1.69) was reacted with 0.2 eq.
and 0.4 eq. of sodium 3-mercapto-1-propanesulfonate under strong base NaOH in
chlorobenzene and DMSO mixture to give DNFBT-20% and DNFBT-40% respectively. The
reaction condition was same as fluoride substitution in Chapter 3. Then DNFBT-20% and
DNFBT-40% were reacted with PEG (M,= 10,000 g/mol) to give water soluble DNBT-20%-
80% and DNBT-40%-60% respectively. The °F-NMR was used to monitor this reaction.
When F-NMR demonstrated no fluorine signal, indicating the reaction was complete and
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then the reaction solvent was removed by heating. The remaining DNBT-20%-80% and
DNBT-40%-60% were dissolved in deionized water and purified by dialysis to remove excess

PEG. All polymers were characterized by 'H-NMR and *F-NMR.
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Scheme 7: Synthetic route of two conjugated polyampholytes

5.2.2 X-ray photoelectron spectroscopy

The synthesized DNFBT-20% and DNFBT-40% were investigated by XPS. For DNFBT-20%, the
XPS survey spectra shows the peaks with binding energy of 1071.2 eV, 688.2 eV, 532.0 eV,
400.2 eV, 285.6 eV and 166.3 eV. According to the binding energy, the DNFBT-20% shows
the presence of C, N, O, F, S and Na. For DNFBT-40%, the XPS survey spectra shows the
peaks with binding energy of 1071.2 eV, 688.3 eV, 532.0 eV, 400.3 eV, 285.6 eV and 166.3
eV. According to the binding energy, the DNFBT-40% shows the presence of C, N, O, F, S and
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Na. Besides, the atomic percentage (number) calculated from chemical structure was
consistent well with the XPS data. The atomic percentage of DNFBT-20% calculated from
chemical structure was Cy96 N4 o Nap2 Ogs Fog S1.4 While the atomic percentage from XPS was
Cy98 N31 Nag, 017 Fo7 S11. And the atomic percentage of DNFBT-40% calculated from
chemical structure was C3, N4 Nags O15 Fog S15 and the atomic percentage from XPS was
C29.9 N31 Nags 0,7 Fog S1.4. Clearly, the DNFBT-20% and DNFBT-40% were confirmed by XPS
in high purity. The atomic percentage data was summarized in Table 11. The XPS survey
spectra for DNFBT-20% and DNFBT-40% are in Appendix Figure 40, 41. The high oxygen

content is likely related to water contamination.

Table 11 Atomic percentage (number) measured by XPS

CPA Chemical structures XPS
DNFBT-20% Ca96NaoNag, 00 6FosSi4 Co98N31Nag,017F07511
DNFBT-40% C302N40Naps01,Fo6S18 C209N31Nags0,7F06S14

5.2.3 Fourier-transform infrared spectroscopy

Apart from high temperature (373 K) 'H-NMR and XPS, the DNFBT-20% and DNFBT-40%
were investigated by FTIR (Figure 78). The functional group region for C=C (aromatic ring)
and S=0 (sulfonate) are 1650-1600 cm™ and 1195-1168 cm™ respectively. As DNFBT-20%
changes to DNFBT-40%, the ionic density increases in the repeat unit of —S-CH,-CH,-CH,-SO3”
Na’. The enhanced ionic density was directly confirmed by comparing the intensity of the

S=0 stretching peak relative to the aromatic (C=C) stretching peak in the IR spectra.

132



DNFBT-40%
=== DNFBT-20%
DNFBT

0.5+

0.4

0.3 4

0.2 -

Absorption (norm)

0.1

0.0 4

L] L] L] L] L]
3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 78 FTIR spectra of polymer DNFBT, DNFBT-20% and DNFBT-40%

5.2.4 UV-Vis absorption analysis

Also, the DNFBT-20% and DNFBT-40% were investigated by the absorption spectra (Figure
79). Both polymers demonstrated two absorption bands, a high energy band corresponding
to the m-mt* transition and a low energy band corresponding to ICT. After the fluoride partly
substituted by side chains, the intensity of low energy band was reduced. The intensity
reduction in the ICT was the same as discussed in Chapter 2 (see 2.3.1). Noticeably, the
more fluoride substituted, the more intensity reduction in ICT. Compared with DNFBT-20%,

a more intensity reduction was found in DNFBT-40%, indicating more fluoride substituted.
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Figure 79 UV-Vis absorption spectra of DNFBT, DNFBT-20% and DNFBT-40%

5.2.5 NMR analysis

DNFBT-20% and DNFBT-40% have an identical m-conjugated backbone, but a different
number of ionic densities. The enhanced ionic density was directly confirmed by integrating
the signal intensity for —S-CH,-CH,-CH,-SO3 Na* in the *H-NMR at high temperature (373 K).
For DNFBT-20%, as only 20% of the fluoride was substituted by ionic thiol group, therefore
the proton integration of each methylene from —S-CH,-CH,-CH,-SO3'Na® should be just 0.4
(20% x 2 = 0.4). From the high temperature 'H-NMR (Appendix Figure 42), each the
methylene integration was around 0.4. The DNFBT-40% was confirmed by the each
methylene integration of 0.8 (40% x 2 = 0.8) in *H-NMR (Appendix Figure 43).

In addition, the two CPAs were confirmed by DOSY-NMR, 'H-NMR and °F-NMR. Take
DNBT-40%-60% for example. The >F-NMR shows no fluorine signal which indicated the
fluoride was fully substituted. Besides, the protons from the side chain PEG were dominant
in 'H-NMR and the signal of the protons from conjugated backbone and ionic thioalkyl
group were very weak (Appendix Figure 49). As the PEG has very high molecular weight
(M,= 10,000 g/mol, PDI<1.2), indicating the proton signal is tremendously more intensive
than DNBT’s proton signal. That is the reason that the *H-NMR shows dominant PEG signal.
The DOSY NMR of DNFBT-40% and PEO mixtures was investigated. There were three parallel

signal lines from Appendix Figure 47, and the first signal line was deuterated solvent
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(d-DMSOQ). The second and third signal lines belonged to PEG and DNFBT-40% respectively.
Besides, the DNBT-40%-60% alone was investigated in DOSY-NMR (Appendix Figure 48).
Clearly, there was only one signal line which demonstrated the high purity of

DNBT-40% -60%.

5.3 Solubility

After the ionic sulfonic groups and hydrophilic PEG were grafted to the hydrophobic
conjugated backbone, the solubility of DNBT-20%-80% and DNBT-40%-60% (both 2 mg/ml)
was changed as expected. They were both able to dissolve in water and Figure 80
demonstrated the excellent solubility in water. Besides, the two conjugated polyampholytes
are also soluble in other polar solvents, like methanol and DMSO. As CPAs are synthetic
analogues for proteins, the excellent solubility in aqueous solution can make a contribution

to understand the aqueous solution behavior of biological molecules.

DNBT-20%-80% DNBT-40%-60%

I

Figure 80 Solubility of two CPAs in aqueous solution

5.4. Optical properties of CPAs

5.4.1 UV-Vis absorption and photoluminescence spectra

Figure 81 presents the UV-Vis absorption and photoluminescence (PL) spectra (0.1 mg/ml)
of two CPAs in water and dichloromethane (DCM). The data of optical properties are

summarized in Table 12. It is clear from the absorption spectra that the two CPAs
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demonstrated different absorption shapes which was due to different PEG and ionic sulfonic
groups composition ratios. As demonstrated in Figure 81, the two CPAs both have two main
absorption bands, a high energy band corresponding to the m-nt* transition and a low energy

band corresponding to ICT.
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Figure 81: UV-Vis absorption and PL spectra of two CPAs in H,0 and DCM solution (0.1 mg/ml)

For DNBT-20%-80%, it has a high energy absorption band peak at 329 nm and a low energy
absorption band peak at 435 nm in water. The DNBT-40%-60% has two absorption peaks at
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323 and 418 nm in water. Clearly, the two absorption peaks of DNBT-40%-60% are both
slight blue shift compared with DNBT-20%-80% in water. The same blue shift was also found
in DCM solution. The difference in the absorption between the two polymers can be related
to the different percentages of thioalkyl and alkoxy group on the BT unit. Higher percentage
of thiol group leads to a blue shift and a reduction in intensity of the ICT band. The blue shift
corresponds to a widening in the optical band gap. As sulfur is a larger atom than oxygen,
which will cause a more twisted backbone conformation, resulting in a reduced conjugation
length and widening band gap98. It is the reason that higher percentage of thioalkyl groups

leads to a blue shift. Since thioalkyl group are less donating than alkoxy group,?®%%!

we
believe the reduced ICT intensity is not the result of increased donation into the BT unit but
instead due to a reduced conjugation length because of backbone twisting. It appears steric
effects are the dominant factor in the reduced ICT intensity.

On the other hand, the PL maxima in water was 555 nm and 553 nm for DNBT-20%-80% and
DNBT-40%-60% respectively. In DCM solution, the PL maxima was both slight blue-shift. The
PL maxima in DCM was 541 nm and 542 nm for DNBT-20%-80% and DNBT-40%-60%.
Noticeably, the concentration of two CPAs in DCM and water were both 0.1 mg/ml, but the
PL intensity in DCM was much higher than the data in water. The difference is likely caused
by the nature of the excited state which was more stabilized in polar solvent. As H,0 has
higher polarity than DCM, the excited state is more stabilized in H,O and more likely to be
lower in energy262 which was responsive for the longer wavelength emission in H,0. The
reduced emission intensity is most likely due to CPAs aggregation in H,0. Because of the
inherent amphiphilic structures of the CPA (hydrophobic backbones and hydrophilic side
chains), they tend to self-assemble into supramolecular aggregates in aqueous solutions
through m-1t stacking between adjacent polymer chains.’®® Similar observations have been
made in other CPAs.?**?* For DNBT-20%-80%, there was a larger Stokes shift in H,O (120
nm) than DCM (109 nm). The same trend was found in DNBT-40%-60%, a larger Stokes shift

in H,O (135 nm) than DCM (127 nm).
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Table 12 Optical Properties of two CPAs in H,O and DCM

CPA )\abs, max(H20) )\em, max(H20) AM (SOI) nm }\abs, max(DCM) }\em, max(DCM) AM (SOI) nm
DNBT-20%-80% 329° 435" 555 120 322°432° 541 109
DNBT-40%-60% 323° 418" 553 135 321°,415° 542 127

“ Amax Of high energy band.
b Amax Of low energy band.

5.4.2 Photoluminescence as function of pH

Figure 82 presents the photoluminescence of two CPAs in water as a function of pH. For the
PL measurements, 10 mL of an aqueous solution of two CPAs (both 1 mg/ml) was prepared
respectively and their pH was adjusted with the addition of HCl or NaOH solution (both 1
mol-dm™). We note that the overall amount of HCl or NaOH added was very small
compared to the 10 mL, in the region of 0.1 ml, such that the changes in PL observed are not
related in changes in concentration. Once a stable reading was obtained by pH meter, a 3

mL solution was transferred to a quartz cuvette for the PL measurement.
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Figure 82 PL measurement of the CPAs in water (both 1 mg/ml) with changing the solution pH.

sof &

electrostatic repulsion
— /

Figure 83 Electrostatic repulsion in acidic environment

Clearly, with increasing from pH 2 to pH 12, the two CPAs both demonstrated decreasing PL
intensity gradually. The weak amine groups are supposed to form cations when the pH is in
the acidic range, and the strong electrostatic repulsion between cationic amine groups

effectively reduces CPE aggregation in water (Figure 83). Therefore it is believed the
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modification to the pH conditions can change the optical properties. Clearly, this
electrostatic repulsion becomes weaker gradually with increasing pH. As the cationic amines
are weak cationic groups and they can be neutralized at high pH, thus the charge
neutralization process leads to reduction of the electrostatic repulsion. Therefore, the
polymer chains becomes more ‘aggregated’ in the basic environment, resulting in the

266

emission intensity reduction.”™ Dynamic lighting scattering (DLS) measurements also

support the aggregation in basic environment. (see 5.5)

5.4.3 Photoluminescence changes with concentrations

Figure 84 compares the PL spectra of DNBT-20%-80% and DNBT-40%-60% with increasing
concentration (0.1, 0.3, 0.5, 0.7 and 1.0 mg/ml) at pH=2 and 12 respectively. Clearly, the PL
intensity both increased at pH=2 and pH=12 gradually with concentration, indicating no
significant aggregation with increasing polymer concentration. Also, the PL intensity at pH=2

is always higher than pH=12 when the aqueous solution is in same concentration.

= 1.0mg/ml

150

400 300
DNBT-20%-80% DNBF-20%-80% H=12
350 4 pH=
pH=2 250 4

300 o / = 0.1mg/ml
— =——0.1mg/ml —_ —
3 o — 03mg/mi 3 200+ 0.3mg;m|
& b ’ 8 0.5mg/ml
2z 0.5mg/ml £ 0.7mg/ml
2 2004 0.7mg/ml 2 150 4
] ] 1.0mg/ml
£ £
= =
o a

100 4

100 4

50 +
50

T T T T o T T T T
450 500 550 600 650 700 750 450 500 550 600 650 700 750
Wavelength(nm) Wavelength(nm)

600 400
DNBT-40%-60% DNBT-40%-60%
pH=2 350 -

pH=12
500 A
300 o

S —— 0.1mg/ml - = 0.1mg/ml
: ] = 0.3mg/ml ¢=€ 250 4 = 0.3mg/ml
s S 0.5mg/ml
3 0.5mg/ml Z 0.7me/mi
g 300 o 0.7mg/ml g 200 o 1.omg/ml
€ = 1.0mg/ml H -ome/m
> o

a a

150
200 o

100

100
50

T T T T T T T T T
450 500 550 600 650 700 750 450 500 550 600 650 700 750
Wavelength(nm) Wavelength(nm)

Figure 84 PL spectra of two CPAs at pH=2 and pH=12 with changing concentration in water.
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5.5 Dynamic light scattering

Benefiting from the introduction of a hydrophilic PEG and ionic sulfonic groups, the
obtained DNBT-20%-80% and DNBT-40%-60% both demonstrated excellent water solubility
at room temperature. Since the hydrophobic conjugated backbone is insoluble in water,
while the side chains are highly hydrophilic, the CPA should self-assemble in aqueous

23 The assembly behaviors in water were investigated by DLS. Figure 85

solution.
demonstrated the hydrodynamic size distribution of DNBT-20%-80% and DNBT-40%-60%

assemblies in water at with concentration of 1 mg/ml at pH 2 and pH 12 respectively.
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Figure 85 Typical hydrodynamic radius distributions, f(R;), obtained at various pH obtained for the aqueous

solutions of two CPAs at 25 °C (concentration was 1 mg/ml).
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Clearly, the DNBT-20%-80% demonstrated a number-average hydrodynamic radius, Ry, of
approximately 122 nm and 91 nm for pH=2 and pH=12, respectively. The DNBT-40%-60%
demonstrated a number-average hydrodynamic radius, Ry, of approximately 44 nm and 33
nm for pH2 and pH 12, respectively. The hydrodynamic radius of DNBT-20%-80% is larger
than DNBT-40%-60%. This is due to DNBT-20%-80% contains more long side chain PEG than
DNBT-40%-60%. Noticeably, hydrodynamic radius at pH=2 is larger than pH=12 for both
DNBT-20%-80% and DNBT-40%-60%. This is likely due to the electrostatic repulsion
between cationic amine groups at pH 2, which has been discussed in 5.4.2. This electrostatic

repulsion decreases gradually when amine groups deprotonated at pH 12.

5.6. Conclusions

Water-soluble DNBT-20%-80% and DNBT-40%-60% were synthesized via post-
polymerization with both cationic amine groups and negative sulfonic groups at acidic
environment. The photoluminescence intensity in water were influenced by pH. The
photoluminescence intensity increases with acidity of aqueous solution increases. Under
acidic condition, there was strong electrostatic repulsion between cationic amine groups.
Also, the process was reversible when cationic amine groups were deprotonated at high pH.
This study provides insight into how the electrostatic interaction and resulting charge-
mediated aggregation can be controlled using CPA structures. Also, the electrostatic
interaction at different pH can be extended further to the design of new optical platforms

for bio-imaging.

5.7 Experimental methods

5.7.1 Laser light scattering

Dynamic light scattering (DLS) were performed using a ZetaSizer Nano ZS (Malvern).
Nanoparticles tracking analysis (NTA) was acquired on a Malvern Instruments NS3000.
Solutions were diluted 100x with water before injection. The capture settings of the NTA

were kept consistent for all samples at a screen gain of 1 and a camera level of 11 and the
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process settings were kept consistent at a screen gain of 11 and a detection threshold of 5.

All data were averaged over three measurements.

5.7.2 Synthesis

DNFBT-20%

A mixture of DNFBT (110 mg, 0.226 mmol), sodium 3-mercapto-1-propanesulfonate (8.06
mg, 0.0452 mmol ) and NaOH (120 mg, 3 mmol) were added to high pressure microwave
vial. The vial was sealed with a septum and degassed with argon before anhydrous
chlorobenzene and DMSO (3:1, v:v, 8 ml total) was added. The solution was heated at
120°C for 24 hours. After the solution was cooled to room temperature, it was precipitated
into water and collect the polymer. The resulting polymer was recovered by filtration,
washed with acetone for 24 hours by Soxhlet. Finally, dried overnight in vacuum to give
DNFBT-20% (75 mg, Yield 64%).

'H-NMR (400 MHz, d-DMSO, 373K) & 8.25-7.90 (m, 7H), 3.55 — 3.53 (m, 0.4 H), 2.73 — 2.69
(m, 0.4 H), 2.09 — 2.05 (m, 0.4 H), 2.03 —1.96 (m, 8 H), 1.32 —1.24 (m, 12 H), 0.88 — 0.85 (m,
4 H)

F-NMR (400 MHz, CDCl3) § -114.3 ppm

DNFBT-40%
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A mixture of DNFBT (122.3 mg, 0.251 mmol), sodium 3-mercapto-1-propanesulfonate
(17.91 mg, 0.1005 mmol ) and NaOH (101 mg, 2.51 mmol) were added to high pressure
microwave vial. The vial was sealed with a septum and degassed with argon before
anhydrous chlorobenzene and DMSO (3:1, v:v, 10 ml total) was added. The solution was
heated at 120°C for 24 hours. After the solution was cooled to room temperature, it was
precipitated into water and collect the polymer. The resulting polymer was recovered by
filtration, washed with acetone for 24 hours by Soxhlet extraction. Finally, dried overnight in
vacuum to give DNFBT-40% (96.6 mg, Yield 70%).

'H-NMR (400 MHz, d-DMSO, 373K) & 8.24-7.92 (m, 7H), 3.55 — 3.53 (m, 0.8 H), 2.74 — 2.69
(m, 0.8 H), 2.07 - 2.04 (m, 0.8 H), 2.05 —-1.96 (m, 8 H), 1.35-1.25 (m, 12 H), 0.88 — 0.85 (m,
4 H)

PF-NMR (400 MHz, CDCl3) & -114.4 ppm

DNBT-20%-80%

A mixture of DNFBT-20% (10.8 mg, 0.021 mmol), PEG (340 mg, 0.034 mmol) (M,= 10,000
g/mol, PDI £1.1) and KOH (13.6 mg, 0.34 mmol) were added to high pressure microwave
vial. The vial was sealed with a septum and degassed with argon before anhydrous
chlorobenzene and DMSO (3:1, v:v, 12ml total) were added. The solution was heated at
120°C for 2 days. After reaction, removed the solvent and dissolved the polymer with
deionized water. The polymer was purified by dialysis in deionized water for 2 days (change
the deionized water every 12 hours). Then dry the aqueous solution to give DNBT-20%-80%
(141 mg, 79% vyield).

'H-MMR (400 MHz, CDCl5) shows dominant PEG signal & 3.63 (m, 4H).

1SELNMR (400 MHz, CDCl3) demonstrates no fluorine signal.

High purity was confirmed by DOSY-NMR (Appendix Figure 44, 45).

144



DNBT-40%-60%

A mixture of DNFBT-40% (11.0 mg, 0.02 mmol), PEG (240 mg, 0.024 mmol) (M,= 10,000
g/mol, PDI £1.1) and KOH (9.6 mg, 0.24 mmol) were added to high pressure microwave vial.
The vial was sealed with a septum and degassed with argon before anhydrous
chlorobenzene and DMSO (3:1, v:v, 10 ml total) were added. The solution was heated at
120°C for 2 days. After reaction, removed the solvent and dissolved the polymer with
deionized water. The polymer was purified by dialysis in deionized water for 2 days (change
the deionized water every 12 hours). Then dry the aqueous solution to give DNBT-40%-60%
(93 mg, 71% yield).

'H-MMR (400 MHz, CDCl5) shows dominant PEG signal & 3.64 (m, 4H).

SELNMR (400 MHz, CDCl3) demonstrates no fluorine signal.

High purity was confirmed by DOSY-NMR (Appendix Figure 47, 48).
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6. Conclusion

From Chapter 2 to Chapter 5, a series of functional polymers have been synthesized via
post-polymerization and their physical and chemical properties were investigated in this
thesis. Some of the polymers synthesized in this thesis are shown in Figure 86.
Post-polymerization modification is an attractive approach for the synthesis of functional
polymers that overcomes problems related to the limited functional-group tolerance of a
number of polymerization strategies. The approach of grafting functional groups on the
fluorinated conjugated backbone via post-polymerization in this thesis was successful. This
approach gives us an effective and powerful technique to design and synthesize functional
polymers. As the demand increases for functional polymers with precise properties and
chemical functionalities, we believe post-polymerization modification will continue to grow
in both breadth and scope.
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Figure 86 Main polymers synthesized via post-polymerization in this thesis

While advances have been made in designing functional polymers with post-polymerization
modification, some challenges still exist in this thesis. For CPEs in Chapter 3, graft

copolymers in Chapter 4 and CPAs in Chapter 5, we did not have the molecular weights by
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GPC in our lab. The solvent used in the CPC was chlorobenzene which could not dissolve the
CPEs. However, the GPC gave a very low molecular weight of the graft copolymers. For
example, the apparent M, was only 12,300 g/mol for DNBT-PEO-10K by GPC, despite the
M, of starting DNFBT was 38,700 g/mol. This may be due to the adsorption of
DNBT-PEO-10K onto the surface of GPC stationary phase, which limits the reproducibility
and separation efficiency. However, when the GPC solvent changed to THF, the apparent
molecular weight was still low (M,= 14,700 g/mol) for DNBT-PEO-10K. For the CPEs, graft
copolymers and CPAs, DMF and H,0 are good solvents according to the literature.?*”2%°
The next step will be to use these solvents in GPC to detect the molecular weight.

The principles of post-polymerization modification include reaction efficiency, selectivity
and amenability to ambient conditions. These are many of the same principles of “green”
chemistry, and therefore post-polymerization modification take an important role in the
field focused on cleaner and more efficient process design. | believe post-polymerization
modification can be utilized to further develop sophisticated materials while minimizing the

cost and environmental impact of production.
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Appendix Figure 14: '"H-NMR of CPE 50% (d-DMSO at 373K)
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Appendix Figure 15: 'H-NMR of CPE 75% (d-DMSO at 373K)
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Appendix Figure 16: 'H-NMR of CPE 100% (d-DMSO at 373K)
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Appendix Figure 17: >F-NMR of CPE 100% (d-DMSO)
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Appendix Figure 21 XPS spectra of CPE100%
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S Cong SY-F8BT-Mn2.000 in CDCI3 ; 1H spectrum using Av500 ; May14-2018/2
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Appendix Figure 23: "H-NMR of F8BT-SPEO-2K (CDCl;)
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Appendix Figure 24: DOSY-NMR of F8FBT and SPEO mixture (CDCl;)
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Appendix Figure 26: 'H-NMR of F8BT-PEO-10K (CDCly)
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Appendix Figure 27: DOSY -NMR of F8FBT and PEO mixture (CDCl3)
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S Cong DNBT-SPEOXx in CDCI3 ; 1H spectrum using Av400D ; Mar27-2019/10
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Appendix Figure 29: "H-NMR of DNBT-SPEO (CDCl,)
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Appendix Figure 30: DOSY -NMR of DNFBT and SPEO mixture (CDCl;)
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Appendix Figure 31: DOSY-NMR of DNBT-SPEO (CDCl;)

S Cong DFBT-Mn-30 in d6-dmso ; 1H spectrum at 373K using Av500 ; Jun27-2018/1
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Appendix Figure 32: 'H-NMR of DNBT-PPO (d-DMSO)
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Appendix Figure 34: DOSY-NMR of DNBT-PPO (d-DMSO)
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S Cong DNFBT-PEOx in CDCI3 ; 1H spectrum using Av500 ; Dec05-2018/1
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Appendix Figure 35: "H-NMR of DNBT-PEO (CDCls)
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Appendix Figure 36: DOSY-NMR of DNFBT and PEO mixture (CDCl3)
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Appendix Figure 37: DOSY -NMR of DNBT-PEO (CDCls)
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Appendix Figure 39: DNBT-PPO in polar solvents
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Appendix Figure 40 XPS spectra of DNFBT-20%
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Appendix Figure 41 XPS spectra of DNFBT-40%

S Cong DNFBT-20% in d6-dmso ;1H spectrum at 373K using Av500 ; Oct12-2018/1 | 38000
- 36000
L 34000
L 32000
L 30000
L 28000
- 26000
L 24000
L 22000
L 20000
L 18000
L 16000
L 14000
L 12000

L 10000

L 8000

L 6000

L 4000
J L 2000
R | NN A 1 I\

L -2000

I
12.00 I

049
0.55
- 748

n
w
o
~
w”
~
o
wn
—-
o
o
[
o
=)

T T
75 7.0 6.5 6.0 5.5 5.0 45 4.0
f1 (ppm)

Appendix Figure 42: 'H-NMR of DNFBT-20% (d-DMSO at 373K)
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S Cong DNFBT-40% in d6-dmso ; 1H spectrum at 373K using Av400D ; Oct15-2018/1
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Appendix Figure 43: 'H-NMR of DNFBT-40% (d-DMSO at 373K)
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Appendix Figure 44 DOSY-NMR of DNFBT-20% and PEG mixture (d-DMSO)
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Appendix Figure 45 DOSY-NMR of DNBT-20%-80% (CDCl;)
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Appendix Figure 46 "H-NMR of DNBT-20%-80% (CDCls)
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