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ABSTRACT
The ability to control the macromolecular structures, properties and functions of
photoactive and electroactive polymers remains a key subject for the development of nextgeneration functional materials. Taking advantage of the well-known self-assembling ability of
block copolymers, the incorporation of photoactive and electroactive blocks in block copolymers
is a promising approach to achieve the control of the packing of the polymer chains and hence the
resulting mechanical, electronic and optical properties. Therefore, the major goal of this thesis is
to develop novel synthetic methods for the synthesis of block copolymers containing photoactive
and electroactive blocks, which can also be used as the functional materials to probe the
correlations between self-assembled nanostructures and associated optical and electronic
properties.
In Chapters 2 and 3, we present new synthetic approaches for the preparation of two
types of rod–coil triblock copolymers consisting of oligo(p-phenyleneethynylene) as the rod-like
segment and polystyrene as the coil-like segment. The chemical structures of prepared triblock
copolymers have been fully characterized by various spectroscopic techniques. The manner in
which selective solvents affect the aggregation of π-conjugated blocks has been investigated by
small angle neutron scattering and photophysical measurements. It has been demonstrated that
the use of solvent composition to influence chain conformations and thus to manipulate the
packing of the π-conjugated polymer chains is important for the control of the assembly of
conjugated polymers and their optical characteristics. Furthermore, it is also demonstrated that
assembly of conjugated blocks can be controlled through the interplay between nonspecific
interactions, i.e. demixing of rigid and flexible blocks, and self-organization driven by specific
attractive forces, such as aromatic π-stacking and hydrogen bonding.
In order to synthesize a rod-rod fully conjugated diblock copolymer, two endfunctionalized conjugated polymers have been designed and synthesized in Chapter 4. Direct
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coupling of these two end-functionalized π-conjugated polymers leads to a fully conjugated
block copolymer with both electron-donor (P-type) and electron-acceptor (N-type) blocks for the
first time. The resulting fully conjugated diblock copolymer is expected to have application
potentials in organic photovoltaics.
Finally, the synthesis of block copolymers containing electroactive blocks is extended to
poly(vinylidene fluoride)-based triblock copolymers. We have successfully developed a family
of novel functional benzyol peroxides through a concise and potentially practical synthesis. The
prepared

peroxides

show

high

efficiency

to

polymerize

ethylenically

unsaturated

fluoromonomers. Remarkably, the resulting fluoropolymers containing a series of functional end
groups, such as carboxylic acid, amine and hydroxyl groups, which can be efficiently used as
building blocks for the construction of multiple block copolymers with novel macromolecular
architectures. A combination of free radical polymerization using the functional benzoyl
peroxides and subsequent atom transfer free radical polymerization has been utilized for the
synthesis of novel triblock copolymers containing ferroelectric segments.
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Chapter 1
Introduction and Background

1.1 π-Conjugated Polymers and Applications
π-Conjugated polymers are a class of optical- and electro-active materials known today
as ‘synthetic metals’. The spatially extended π-bonding system and extensive delocalization of
electrons in conjugated polymers offer them unique electronic and optical properties, which are
unobtainable from conventional polymers. The first breakthrough in this field can be tracked
back to the mid 1970s when polyacetylene, the simplest linear conjugated polymer, showed the
capability of conducting electricity after chemical doping.[1] Right after this discovery, Heeger
and MacDiarmid found the films of semiconducting polyacetylene show an increase in
conductivity of 12 orders of magnitude when doped with controlled amounts of halogens. This
discovery reinforced the emerging concept of conjugated organic materials behaving not only as
traditional insulators but as metals or semiconductors.[2]
In the 1990s dramatic development of conjugated polymers took off again, after the
discovery of electroluminescence of non-doped conjugated polymers by R. H Friend and his
collaborators. [3] Since then, conjugated polymers have attracted immense attention and a variety
of conjugated polymers have been designed and synthesized, which include polyaniline and
substituted polyanilines, polypyrrole and substituted polypyrroles, derivatives of polythiophene
(PT), poly(p-phenylene) (PPP) and poly(p-phenylene vinylene) (PPV). The chemical structures
of some important conjugated polymers are shown in Figure1-1. It has been confirmed that the
band gap (HOMO-LUMO gap) and local charge carriers of conjugated polymers are strongly
dependent on their chemical structures. By manipulating the chemical structures of conjugated
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polymers, the electronic and optical properties of conjugated polymers, such as conductivity,
photoluminescence, and photovoltaic properties, can be tuned in a wide range, which creates
great application potentials as new generation electric and optical devices.
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Figure 1-1: Chemical structures of some π-conjugated polymers.
During the last several decades, a variety of applications based on conjugated polymers
have been proposed and demonstrated, such as light-emitting diodes,[4,5] field-effect transistors,[6]
organic solar cells,[7, 8] sensors,[8.9] polymer actuators,[8.10] photodetectors [9] and organic lasers.[10]
Table 1.1 shows the potential applications of conjugated polymers in numerous fields.
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Table 1-1: Potential applications of π-conjugated polymers.
Conjugated polymers

Device applications

Polyaniline and substituted polyanilines

Electrochromic displays
Chemical sensors
Electroactive composites
Electrode materials
Electrochemical capacitors
Corrosion inhibitors

Polypyrrole and substituted polypyrroles

Actuators
Electrochromic displays
Chemical sensors
Solar cells

Polythiophene and substituted polythiophenes

Organic thin-film transistors
Solar cells
Chemical sensors

Poly(p-phenylene) and p-phenylene vinylene

Light-emitting diodes
Solar cells
Laser materials

Compared to the inorganic optical and electrical materials, the conjugated polymers enjoy
processing and mechanical advantages. Conjugated polymers can be deposited on various
substrates in large areas by means of a variety of inexpensive techniques such as spin coating,
ink jet printing, soft lithography, screen printing, and micro-contact printing. With the
combination of characteristics of conductive metals and flexible plastics, the conjugated
polymers represent promising active materials in the display, energy-harvesting, communication,
and information technologies. Some applications of conjugated polymers have already been
commercialized, such as polymer light emitting diodes (PLED). Philips introduced an electric
shaver with an orange battery gauge PLED display and Delta Optoelectronics used a green
16x64 PLED display in a MP3 player in 2002. In 2003, DuPont launched a PLED display for the
APED MP3 players marketed by Evolution Technologies. The display is marketed with the
brand name ‘Olight’ and it is 2.1 inches diagonally with a 128×64 resolution. Some other
applications, such as plastic solar cell and electronic circuitry, also have certainly technical
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feasibility and are expected to be commercialized in the near future. In 2000, Heeger,
MacDiarmid and Shirakawa-‘the founders of conjugated polymer science’ were granted the
Nobel Prize in chemistry.[11]
π-Conjugated (semiconducting) polymers are the most promising functional materials for
less expensive and flexible electronic and optoelectric devices. It is well known that the physical
performance of the devices strongly depends on the chemical structures and purity of conjugated
polymers. Recently, substantial research efforts have proved that the nature of the charge carrier
transport through conjugated polymers is related to the conformational and morphological
properties of the polymer chains and their assembled supramolecular structures. However, to
achieve control over supramolecular structures of π-conjugated polymers is the most delicate
subject, which requires detailed understanding of supramolecular interactions between individual
π-conjugated chains at the molecular level. In view of molecular engineering and supramolecular
assemblies, incorporation of π-conjugated blocks into rod-coil block copolymers becomes an
promising approach to achieve the manipulation of the supramolecular structure of π-conjugated
segments. Based on microphase separation of different blocks, the rod-coil copolymers have
potential to become a new class of self-assembling electroactive materials with tunable
morphologies, which would lead to one-, two-, and three-dimensional confinement of
electroactive domains.

1.2 Self-Assembly Principles of π-Conjugated Rod-coil Block Copolymer Systems
π-Conjugated block copolymers can be regarded as replacing one of the blocks in
conventional coil-coil diblock copolymers with rigid conjugated units, which are named as rodcoil block copolymers. π-Conjugated rod-coil copolymer systems can roughly be divided into
two categories, π-conjugated oligomer and π-conjugated polymer containing block copolymer
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systems. When the π-conjugated blocks are incorporated in the block copolymer systems, the
self-assembly behaviors of the resulting rod-coil copolymers are no longer solely determined by
phase-separation, but are also strongly affected by other processes. One of the phenomena
competing with the phase-separation during the self-assembly of rod-coil diblock copolymers is
the aggregation of the rigid blocks into liquid-crystalline domains.
In order to predict the stable microstructures of rod-coil copolymers, a theoretical model
was proposed by Semenov and Vasilenco based on diblock copolymers consisting of a flexible
block and a rigid rod block.[12] By introducing steric interaction among rods, coil stretching and
unfavorable rod-coil interactions, the calculated schematic phase diagrams show various phases
as a function of volume fraction of the coil block f and product χN, where χ is the Flory-Huggins
interaction parameter and N is repeat unit of the polymer. The theory predicts that the system is
in a nematic phase if the volume fraction of rod block is sufficiently large. As the interaction
parameter is increased, the nematic phase changes to a smectic phase. As χ is further increased,
the smectic phase is predicted to undergo various other transitions, first to a complete monolayer
regime where the chains are expelled completely from the rigid rod monolayers and then to a
bilayer lamellar phase.
The consequent theoretical study by Williams and Fredrickson further reveals that
hockey puck micelle phase exists in rod-coil block copolymers (Figure 1-2), where the rod
blocks are packed axially into cylinders.[13] The main advantage of the micelle formation theory
is to enable the chains to graft onto their top and bottom surfaces and hence decrease stretching
free energy. In the micellar pucks, the rods are assumed to be well aligned to minimize the strong
steric problems, and coil segments form a hemispherical shell at a radius R from the core with a
constant surface density on this shell. Using the same dimensionless parameters defined by
Semenov and Vasilenco, Williams and Fredrickson schematically constructed the phase diagram
for rod-coil block copolymers, including the hockey puck micelle phase (Figure1-3).
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Figure 1-2: Schematic representation of a monolayer puck micelle.[13]

Figure 1-3: Phase diagram of rod-coil polymers proposed by Williams and Fredrickson. I:
bilayer lamellae; II: monolayer lamellae; III: biayer hockey pucks; IV: monolayer hockey pucks;
V: incomplete monolayer lamellae. Log(ν3χ) is plotted against λ. λ=φ/(1-φ), where φ is volume
fraction of coil segment. ν=k/λ and k=Na2/L2, where N is repeat units of coil segment with a
mean-square separation between adjacent segments of 6a2. L is length of rod segment. χ is the
Flory-Huggins interaction parameter.[13]
Using the numerical self-consistent field theory, Müller and Schick (MS) have examined
the phase behavior of rod-coil diblock copolymers.[14] It is found that extreme conformational
asymmetry in rod-coil copolymers has a pronounced influence on their phase behavior. Both the
numerical self-consistent field theory in the weak segregation limit and the strong segregation
theory at high incompatibilities predict that only morphologies in which the coils are on the
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convex side of the interface are thermodynamically stable. Matsena and Barrett also used the
numerical self-consistent field theory to investigate the exact mean-field phase behavior of the
Semenov–Vasilenko model for rod-coil copolymers.[15] Their models predict that the phase
behavior depends on three quantities: the rod/coil immiscibility χN, the coil volume fraction f,
and the ratio ν of the characteristic coil to rod dimensions. When χN is smaller than 5, the mixing
rods and coils produce a nematic phase. With larger χN, they are inclined to form a lamellar
phase by microphase separation.
Mao and Ober schematically describe the phase-behavior of rod-coil copolymers from an
insotropic melt and isotropic solution, respectively (Figure 1-4).[16] It has been revealed that both
the glass-transition temperature (Tg) of coil segments and the isotropization temperature (TLC) of
rod segments play an important role in the control of the morphologies of rod-coil copolymers.
Upon cooling, the isotropic melts of rod-coil copolymers first reach the ODT (order-disorder
transition temperature), and then undergo microphase separation. If the TCL of rod segments is
higher than Tg of coil segments, further cooling introduces the formation of liquid-crystalline
domains surrounded by flexible-coil outer corona. If the Tg of coil segments is higher than the
TCL, upon the cooling, the rod segments can only crystallize in the confined domain in the glassy
matrix formed by coil segments. In the case of an isotropic solution, the rod-coil copolymers
show quite different assembly behavior compared to the cooling from an isotropic melt. If a nonselective solvent is used, i.e., a good solvent for both rod and coil segments, the crystallization
and microphase separation continue during the solvent evaporation process. If a selective solvent
is used, i.e., a good solvent for either rod or coil segments, the supramolecular structures might
already form even before the solvent evaporation.
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Figure 1-4: Schematic illustration of the possible routes for the self-assembly of rod-coil
diblock copolymers from an isotropic melt and isotropic solution.[16]

1.3 Synthesis and Supramolecular Self-assembly of Rod-coil Block Copolymer Systems
Containing π-Conjugated Segments

1.3.1 Synthesis and Self-Assembly of π-Conjugated Rod-coil Copolymers Containing
Polydispersed π-Conjugated Blocks

The early research efforts towards π-conjugated rod-coil copolymers focused on the
synthesis of block copolymers containing polyacetylene segments. Polyacetylene obtained from
an early synthesis was in the form of a grey or black of semi-crystalline powder that was
insoluble in any solvent and decomposed before melting. In 1974, Shirakawa and coworkers
found the way to prepare polyacetylene as shiny, flexible and polycrystalline semi-conducting
films.[1] Shortly after Shirakawa’s discovery, MacDiarmid and Heeger discovered that the
polyacetylene showed high electrical conductivity after doping.[2] This disclosure sparked off an
immense attention on polyacetylene in regards to conduction mechanism and possible
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applications. However, the infusibility, instability and insolubility of polyacetylene impeded the
both structural characterization and development of practical applications. One main approach
that has been used to circumvent these problems is to design and synthesize block copolymers
containing polyacetylene segments. At the same time, the concept of rod-coil block copolymers
containing π-conjugated block was proposed. Chine et al. reported the first attempt to produce an
electrically conducting copolymer containing polyacetylene in 1981.[18] In a later work, Wnek
and coworkers developed two methods to synthesize polyacetylene containing copolymers.[19]
The first one was the use of doped polyacetylene as a macroinitiator to obtain grafted
copolymers. The second one consisted of a transformation reaction between ‘living’ polystyrl
anion to Ziegler/Natta catalyst to generate an active catalyst for polymerization of acetylene and
produce a polystyrene-b-polyacetylene diblock copolymer (Scheme 1.1).
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Scheme1.1. Synthesis of polystyrene-b-polyacetylene diblock copolymer.
Müllen et al. reported the synthesis of π-conjugated block containing rod-coil copolymers
by using monofunctionalized poly(phenylene ethynylene), poly(phenylene) and poly(fluorene).
Based on monofunctionalized π-conjugated blocks, a series of rod-coil π-conjugated copolymers
can be achieved (Scheme 1.2), which include poly (phenylene ethynylene)-b-poly(ethylene
oxide)

(PPE-b-PEO),

poly(ethylene

oxide)

poly(p-phenylene)-b-polystyrene
(PPP-b-PEO),

(PPP-b-PS),

poly(fluorene)-b-poly(ethylene

poly(p-phenylene)-boxide)

(PF-b-PEO),

polystyrene-b-poly (fluorene)-b-polystyrene (PS-b-PF-b-PS), poly(phenylene ethynylene)-b-
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poly(dimethylsiloxane) PPE-b-PMDS.[20] This early synthetic work shows a variety of rod-coil
π-conjugated copolymers can be synthesized by rational molecular design and elegant chemistry.

Müllen et al. has also showed that PPP-b-PS, PPE-b-PMDS, PF-b-PEO and PF-b-PS can
spontaneously assemble into stable, ribbonlike fibril morphologies. The shapes of ribbonlike
fiber are dependent on the composition of rod-coil copolymers. For example, in PPE-b-PDMS
and PS-b-PF-b-PS, the fibrils can be extremely long (up to 10 μm). In the PF-b-PEO, the fibrils
are shorter and straighter (Figure 1-5). The structure of ribbonlike fibrils was proposed from
head-to-tail packing of π-conjugated segments.[21]
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Scheme 1.2. Chemical structures of the rod-coil diblock copolymers.
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Figure 1-5: TM-AFM height images (5.0×5.0 μm2) of thick film deposits: (a) PPP-b-PS; (b)
PPE-b-PDMS; (c) PF-b-PEO; (d) PS-b-PF-b-PS.[21]
Jenekhe et al. reported the self-assembly of rod-coil copolymers (PQQ-b-PS) consisting
of polydispersed poly(phenylquinoline) (PPQ) as the rod block and polystyrene (PS) as the coil
block. PPQ is a well-known n-type (electron transporting) π-conjugated polymer [22] and can be
employed as the electron transporting and emission layer in organic LEDs.[23] The
polyquinolines are also excellent high-temperature materials, suggesting the possible
improvement of stability and lifetime of LEDs. However, polyquinolines have very poor
solubility and processability due to the high rigidity of PPQ π-conjugated backbone. By using the
rod-coil block approach, the solubility and processability of PPQ-b-PS copolymers were
improved, and Jenekhe et al found the resulting PPQ-b-PS copolymers show very interesting
diverse supramolecular structures, which can be fine-tuned by changing the composition of
selective solvents. Four different micelle-like aggregate morphologies were observed in PPQ50b-PS300 by optical microscopy and scanning electron microscopy (SEM), including spherical,
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vesicular, cylindrical and lamellar aggregates (Figure 1-6). These multiple supramolecular
structures were observed at each composition of PPQ-b-PS, however, the size of supramolecuar
structures is related to the length of rigid-PPQ block. Surprisingly, the spherical aggregates
formed from PPQ50-b-PS300 or PPQ10-b-PS300 with hollow structure have the capability to
solubilize and encapsulate up to 6 wt% of C60 and C70 (Figure 1-7). This is an excellent example
showing that the self-assembled π-conjugated copolymers have great potential applications, such
as microencapsulation, catalyst support and eletrophotographic imaging.

Figure 1-6: Fluorescence photomicrographs of the PPQ50-b-PS300 aggregates A): Spherical; B):
Lamellar; C) Cylindrical; D) Vesicular aggregates.[24]
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Figure 1-7: Schematic illustration of the cross section of the spherical PPQ-b-PS aggregates
with encapsulated fullerene-C60.[25]

Hadziioannou et al. reported a series of studies on poly(p-phenylene vinylene) (PPV)
based rod-coil copolymers synthesized by a “living” free radical polymerization method using a
derivative of 2,2,6,6-tetramethylpiperidinyl-N-oxyl (TEMPO) or 2,2,5-trimethyl-4-phenyl-3azahexane-3-oxyle (TINPO) (Scheme 1.3). The mono-aldehyde-functionalized poly (2,5dioctyloxy-p-phenylene vinylene) (rigid rod segment) was prepared by a Siegrist
polycondensation, and transformed to its nitroxide-functionalized analogue, which was used
subsequently as a macroinitiator in the polymerization of n-butylacrylate (BA), styrene (St) and
styrene derivatives to produce PPV-b-PS, PPV-b-PBA diblock copolymers. Poly(p-phenylene
vinylene)s (PPV) have consistently been one class of the most-studied conjugated polymers with
relatively high electrical conductivities in the range of 10-500 S cm-1 after doping,[20] and exhibit
large third-order nonlinear optical responses.[27] With their typically bright fluorescence, PPV
and its derivatives are also very important light emitting materials for plastic LEDs.[3] The
approach developed by Hadziioannou et al. opens an avenue to explore the PPV-based rod-coil
copolymers as self-assembled functional materials. It was found that when PPV-b-PS block
copolymer cast from dichlorobenzene, the rigid PPV blocks prefer to stack forming bilayered
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lamellar morphology. When cast from CS2, the PPV-b-PS is inclined to form regular pores
arranged in a hexagonal array (honeycomb morphology),[28] which was also produced by
François et al. from a polythiophene-b-polystyrene (PT-b-PS) block copolymer.[29] Moreover,
Hadziioannou et al. have demonstrated that the resulting honeycomb can be employed as a
template to grow a two-dimensional hexagonal array of functional dots, e.g., aluminum cups
(Figure 1-8).
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Scheme1.3. Synthesis of poly(phenylene vinylene)-b-polystyrene (PPV-b-PS)
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Figure 1-8: The honeycomb structure from the PPV-b-PS film (a). Fluorescence microscopy
image of top view of the film and SEM image (inset); (b). SEM image of top view of the film;
(c). Final structure of hexagonally packed aluminum cups.[28]
Subsequently, a statistical copolymer containing styrene and 4-chloromethylstyrene
(CMS) was prepared by using a PPV-based macroinitiator (Scheme 1.4).[30] The function of 4chloromethylstyrene (CMS) co-monomer in the coil block is to link with C60 via atom transfer
radical addition reaction (ATRA). Copolymerization of styrene and CMS in the coil blocks
rather than a homopolymer of CMS ensures the minimization of potential crosslinking between
multifunctional entities (C60, polyCMS). Interestingly, more efficient and rapid electron transfer
was found between the donor blocks (PPV) and the acceptors (C60) from the resulting rod-coil
copolymer containing C60. The photoluminescence intensity of PPV-b-P(S-stat-C60MS) is
reduced by 3 orders of magnitude compared to PPV-b-P(S-stat-CMS) without incorporation of
C60. When a comparison is made between the donor–acceptor block copolymer and the physical
blend of the donor and acceptor homopolymers of the corresponding blocks, the authors found
an enhancement in photovoltaic performance was observed from the blend to the block
copolymer. This superior response can be seen in measurements of current versus voltage (I–V)
of the devices from the blend and the block copolymer under monochromatic illumination of 1
mW/cm2 at 458 nm (Figure 1-9 a). The enhancement is mainly due to the larger donor–acceptor
interface and the higher continuity of charge-transport pathways in the block copolymer, as
indicted by photoluminescence dynamics measurements (Figure 1-9 b).
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Scheme 1.4. Synthesis of PPV-b-P(S-stat-C60MS) donor-acceptor diblock copolymer. PPV:
Poly(p-phenylene vinylene); S: styrene; C60MS: 4-fullerene[60]-methylstyrene.

(a)

(b)

Figure 1-9: (a) Current versus voltage curves of photovoltaic devices. Curve A: 1:1 molar
blend of PPV homopolymer and a statistical copolymer P(S-stat-C60MS); Curve B: diblock
copolymer of PPV-b-P(S-stat-C60MS). (b) Photoluminescence (PL) dynamics of films of PPV-b(S-stat-C60MS) and PPV-b-P(S-stat-CMS).[30]

1.3.2 Synthesis and Self-assembly of π-Conjugated Rod-coil Copolymers Containing
Monodispersed π-Conjugated Blocks
Another strategy to synthesize π-conjugated rod-coil copolymers is to introduce
monodispersed π-conjugated oligomers as rod blocks. Compared to polydispersed π-conjugated
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blocks, the well-defined structure of π-conjugated oligomers facilitates the self-organization of
rod blocks. Furthermore, the well-studied electronic and optoelectronic properties of πconjugated oligomers also assist the interpretation of new electronic and optoelectronic
phenomena associated with multiple supramolecular structures. By changing the repeat units of
π-conjugated oligomers N, the χ (Flory-Huggins interaction parameter between rod and coil
blocks) can be tuned within a specific range, which may result in more elaborate supramolecular
structures at different length scales. However, the incorporation of π-conjugated oligomers into
rod-coil block copolymers is usually achieved by multiple stepwise reactions, which require
more sophisticated synthetic chemistry and advanced synthetic skills.[31]
Tew et al. reported the synthesis and characterization of the self-assembled films formed
by rod-coil copolymers containing conjugated oligo(p-phenylene vinylene) (OPV) segments.[32]
Interestingly, they found that polar ordering of supramolecular units was indeed observed in
these systems, suggesting that supramolecular rather than simply molecular effects may be
responsible for the formation of these polar solids. This observation demonstrates that additional
chemical functionality can be added to the system without disrupting the organizational
energetics behind polar ordering. Pralle et al further found that those supramolecular films
composed of dipolar rod-coil molecules with longer OPV chain length show piezoelectric
activity (Scheme 1.5).[33]

Scheme 1.5. Rod-coil block copolymer containing oligo(phenylene vinylene).
The impact of the amphiphilicity of coil blocks on the assembly of rod-coil block
copolymers containing OPV was studied by Yu et al.[34, 35, 36] Three rod-coil copolymers were
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synthesized by a combination of stepwise reactions and living polymerization techniques,
including oilgo(p-phenylene vinylene)-b-poly(ethylene oxide) (OPV-b-PEO),[34] oligo(pphenylene vinylene)-b-poly(propylene oxide),[35] oligo(p-phenylene vinylene)-b-polyisoprene
(OPV-b-PI).[36] All copolymers have well-defined molecular structures with narrow
polydispersity (less than 1.1). It was found that amphiphilic rod-coil copolymer OPV-b-OPE and
OPV-b-PPO show strong aggregation tendency in the selective solvents, such as water and
tetrahydrofuran (THF), due to the strong solubility discrepancy between the hydrophobic OPV
block and hydrophilic PEO and PPO blocks. The small angle neutron scattering (SANS) data
reveals that the copolymer OPV-b-PEO self-assembles into cylindrical micelles at concentrations
of 0.05-2.5 wt % in d8-THF. More detailed analysis of the SANS data indicates that the crosssection of an elliptical shell is characterized with 5.0 and 10.0 nm of semiaxis and 2.0 nm of
shell thickness. Both conventional TEM and cryo-TEM images of OPV-b-PEO films cast from
solution (0.5 mg/mL) show interwoven fibers morphology with thousands nanometers in length
(Figure 1-10).

(a)

(b)

Figure 1-10: (a) TEM image of the copolymer OPV-b-PEO film. (b) Cryo-TEM image of the
copolymer OPV-b-PEO film.[34]
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Similarly, stable and ordered supramolecular structures were obtained from OPV-b-PPO,
which has longer hydrophobic PPO block. It was found that OPV-b-PPO self-assembles to fibers
in the selective solvents-water/THF (Figure 1-11 a).[35] The SANS studies gives more insights of
the molecular packing of OPV-b-PPO with varying of the water content. With water content
increasing from 6%, OPV-b-PPO starts to aggregate to form cylindrical (rod-like) micelles with
a swelling PPO corona. At the higher water content (14%), the cylindrical (rod-like) micelles
favor a hexagonal closed packing (Figure 1-11 b).

Figure 1-11: (a) Fluorescence micrograph of the oligo(phenylene vinylene)-b-poly(propylene
oxide) copolymer in the selective solvents-water/THF. (b) Schematic representation of the selfassembled oligo(phenylene vinylene)-b-poly(propylene oxide) copolymer in solution.[35]
In addition to OPV-containing rod-coil copolymers, the synthesis and self-assembly
study of π-conjugated oilgomers containing rod-coil copolymer has been extended to
oligothiophene. A well-defined polystyrene-oligothiophene-polystyrene (PS-11T-PS) coil-rodcoil was reported by Hempenius et al..[37] Scheme 1.6 represents an alternative approach to the
coil-rod-coil triblock copolymers by linking an undecithiophene oligomer with polystyrene,
which aggregates in common solvents. This is the first example demonstrating that long πconjugated oligomers without any substitute can be incorporate into rod-coil block copolymers,
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and this approach distinguishes itself from previous synthetic strategies towards rod-coil
copolymer in two aspects: 1) the solubility problems of long oligothiophene segments can be
circumvented without introducing substituents in the α-positions of the thiophene rings; 2)
combination of a crystalline center block with well-soluble corona blocks is expected to yield
strong aggregation tendency in the selective solvents for the formation of novel supramolecular
assemblies. In the solid state, the molecules assemble to microdomains with one phase being the
electrically conductive polythiophene. With the variation of the relative length of the constituent
conjugated blocks, one expects the tailoring of morphologies to form defined nanometer-sized
electrically and optically active spherical, rodlike and lamellar structures.

Scheme1.6. Synthesis of the polystyrene-b-oligothiophene-b-polystyrene triblock copolymer.
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1.3.3 Synthesis and Self-assembly of π-Conjugated Rod-coil Copolymers Containing
Monodispersed Side Chian π-Conjugated Blocks
Another type of π-conjugated rod-coil copolymers are constructed by incorporating πconjugated molecules as pendant side chains into the non-conjugated blocks (Figure 1-12).
Compared to rod-coil mainchain block copolymers, self-assembled side-chain rod-coil πconjugated copolymers have not yet attracted much attention. Only a limited number of literature
reports the synthesis and self-assembly of rod-coil copolymers with π-conjugated blocks as the
side chains.

Figure 1-12: Schematic representation of the semi-rod-coil block copolymers.
Hayakawa et al. reported the synthesis and self-assembly characteristics of a novel semirod-coil copolymer with oligothiophene as side chains.[38] The authors demonstrated that the
incorporation of π-conjugated rigid-rod molecules in the side chain can play a very important
role in creating both nano- and microsized structures. The copolymer PS400-b-POTI25 of styrene
and an isoprene with oligothiophene-modified side chains (POTI) was prepared by the
esterification reaction of a poly(styrene-b-substituted isoprene) block copolymer with an
oligothiophene derivative (Scheme 1.7). The copolymer PS400-b-POTI25 has a very narrow
polydispersity of 1.08 and a molecular weight of 55K, as indicated by gel permeation
chromatography (GPC).
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A periodic microporous structure was instantly obtained from the solution-cast films on a
variety of substrates such as glass slides, silicon wafers, cured epoxy plates, polyimide films and
water surfaces by casting at room temperature under a moist air flow (Figure 1-13 A). The DSC
data and polarized optical images of the solution-cast films indicate that the oligothiophene
containing POTI block is in the liquid-crystalline state. The X-ray diffraction pattern shows that
layer spacing between the POHI layer is 39.8 Å and the intermolecular spacing in oligothiophene
stacks is 4.2 Å. Thus, the semi-rod–coil block copolymer PS-b-POTI can form organized
structures on three different length scales, ranging from angstroms to micrometers, by simple
solvent casting and annealing (Figure 1-13 B).

Scheme 1.7. Synthesis of the poly(styrene-b-substituted isoprene) semi-rod-coil block
copolymer.
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Figure 1-13: A: Self-organized microporous structure. a) Medium and b) High-magnification
optical micrographs of a hexagonally packed microporous structure on a glass slide. c) Side view
and d) top view of SEM images. B: Schematic representation of self-organized hierarchical
structure. e) Centimeter-sized film. f) Microsized porous structure. g) Nanosized phase-separated
structure of PS and POTI blocks. h) Oligothiophene with molecularly orientated smectic A
liquid-crystalline structure in POTI nanophase-separated domains. i) Molecular structure of the
PS-b-POTI copolymer. C: Schematic representation of proposed molecular arrangement of POTI
polymer within the smectic A mesophase.[38]

1.4 Synthesis of Ferroelectric Poly(vinylidene fluoride)-based Block Copolymers

1.4.1 Fluoropolymers and PVDF-based Ferroelectric Fluoropolymers
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Fluoropolymers exhibit numerous unique properties including thermal stability, chemical
inertness, low water absorptivity, excellent weatherability and very interesting electric and
optical properties.[40] The applications of fluoropolymers span all facets of human life, from
household uses to the aerospace and electronic industries.
After the discovery of piezoelectricity in PVDF in 1969 by Kawaii,[39] the PVDF and
PVDF-based polymers have received particular attention in both fundamental science and
applied research. Moreover, subsequent studies reveal that PVDF-based polymers have excellent
pyroelectric properties, which sparks the intensive investigation of piezo/pyroelectric properties
in PVDF-based polymers for sensor and actuator applications.[41] The PVDF-based polymers
also show high voltage sensitivity and acoustic impedance. Those characteristics fit well to that
of water and tissues, which make them attractive for applications in electromechanical
transducers.[43,44] More recently, a new class of PVDF-based terpolymer, i.e., poly(vinylidene
fluoride-trifluoroethylene-chlorofluoroethylene)

(P(VDF-TrFE-CFE))

terpolymer,

was

developed by introducing chloro-containing third monomer CFE. Interestingly, this ferroelectric
relaxor exhibits high electrostrictive strain (7%) with relatively high modulus (> 0.3 GPa). More
remarkably, the P(VDF-TrFE-CFE) shows high dielectric constant at room temperature (~ 50),
high electric breakdown field (> 400 MV/m) and high induced polarization (~ 0.05 C/m2), which
lead to a very high volume efficiency for electric storage operated under high voltage (~10
J/cm3).[45]
In the last several decades, a variety of PVDF-based fluoropolymers have been
synthesized and their dielectric properties have been fully investigated. Currently, the
development of novel PVDF-based materials is strongly dependent on the synthesis of new
materials by innovative synthetic methodologies. One approach that might lead to new
ferroelectric materials is to incorporate functional groups into the PVDF-based fluoropolymers,
which introduces extra functionalities, such as facilitating the crosslinking of the resulting

25
polymers, producing novel block copolymers, and offering reaction sites for post-polymerization
modification, etc.
In general, functional groups can be incorporated in fluoropolymers by copolymerization
with functional comonomers (Scheme 1.8).[46] The copolymerizations of fluoroalkenes with
functional fluorinated or non-halogenated monomers have been studied by many groups. Among
these functional comonomers, the perfluorovinyl functional monomers attracted much more
attention due to a multiplicity of functional groups available in perfluorovinyl monomers. The
functional groups which are introduced in a lateral position along the main chain of the
fluoropolymers bring specific and complementary properties: adhesion from carboxylic groups,
solubility from cyclohexyl groups, curability from hydroxyl groups and hydrophilicity from
phosphonated groups.[47]

Scheme 1.8. Introducing functional groups by copolymerization of functional comonomers.
CF2=CF-X- Ⓖ : functional comonomers. (Where Ⓖ represents hydroxyl, ester, carboxylic,
sulfonic, epoxy and thiol groups.) CF2=CYZ: fluoroalkenes. (Where Y=Z=F (TFE), Y=Z=H
(VDF)).
However, the above general approach to functionalize fluoropolymers is not suitable for
the PVDF-based ferroelectric polymers, because the incorporation of functional comonomers in
the main chain disturbs the crystalline structures of the ferroelectric polymers, which will result
in reducing or even losing the ferroelectric properties. As a result, the only feasible methodology
to introduce functional groups into PVDF-based ferroelectric polymers is to design and
synthesize telechelic PVDF-based polymers, i.e., introducing telechelic functional groups at the
chain-ends of the polymers.
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1.4.2 Synthesis of PVDF-based Telechelic Fluoropolymers
The introduction of functional groups at the ends of the polymer chains not only retains
the crystallinity and useful electronic properties, but also offers opportunities for polymer
structural modification and functionalization. They can serve as building blocks for preparing
new multiple block copolymers with novel macromolecular architectures. The PVDF-based
telechelic fluoropolymers can also be utilized as prepolymers for inclusion into final products
with well-specified properties via the reaction of their functional groups. For example,
ferroelectric fluoropolymer networks can be produced via cross-linking reaction of telechelic
prepolymers with a curing agent having complementary multiple functional groups.

[48]

The

cross-linked networks are especially attractive due to their excellent heat, oil, chemical resistance
and high mechanical strength.
In contrast to chain-end functionalized polyolefins which are usually prepared by a
combination of living/controlled polymerization and selective termination of the living polymers
with suitable agents, there are no known examples of living polymerization of fluorinated
alkenes and functionalization at the polymer chain ends. Hanford et al. disclosed a strategy to
control the end-groups of fluoropolymers by telomerisation.[49] However, the polymers prepared
from the telomerisation methods usually exhibit very low molecular weights. Iodine transfer
polymerization (ITP) of fluoroalkenes is also employed to prepare telechelic fluoropolymers
with two terminal iodine groups.[50] The drawback of this method is that the terminal iodine
groups can not be converted to other reactive functional groups.
Synthesis of telechelic PVDF-based fluoropolymers from the functional initiators is
disclosed in the US patent 3461155 where diester peroxides were used to polymerize VDF and
HFP. Due to low reactivity of diester peroxides to fluorinated alkenes, however, only low
molecular weight oligomers were generated with low yields. The functionality of the resulting
telechelic structures was not disclosed. Hydrogen peroxide has also been used as an initiator to
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prepare telechelic VDF/HFP containing hydroxyl terminal groups.[51] However, the resulting
copolymers not only contain hydroxyl terminal groups but also a substantial amount of
carboxylic acids and unsaturated chain ends from the side reactions. In order to achieve high
hydroxyl content in the polymers, an additional reaction using LiAlH4 has to be employed for
reduction of carboxylic groups.

1.4.3 Synthesis of PVDF-based Block Copolymers by Controlled Free Radical
Polymerizations
Fluoropolymers are usually synthesized by free radical polymerization of fluoroalkenes,
such as tetrafluoroethylene, vinylidene fluoride, chlorotrifluoroethylene, trifluoroethylene.
Unfortunately, those ethylenically unsaturated fluoromonomers can not copolymerize with other
commonly used monomers, such as styrenes and acrylates due to a huge difference in their
relativities.[42] Therefore, preparation of the fluorinated block copolymers with well-architectured
structures is also challenging in terms of synthetic methodology, because most fluoropolymers
are usually not miscible with hydrogenated ones. Many research groups are dedicated to
investigating and developing various synthetic methods to synthesize fluorinated block
copolymers, including iodine transfer polymerization (ITP), reverse iodine transfer
polymerization (RITP), atom transfer radical polymerization (ATRP), cationic/anionic living
polymerization, initiation-transfer-termination polymerization (INIFERTER), nitroxide-mediated
polymerization (NMP), metallocene-catalyzed polymerization and reversible additionfragmentation chain transfer polymerization (RAFT). A variety of fluorinated block copolymers
have been successfully synthesized and many of them show very interesting physical and
thermodynamic properties, which indicate potential applications in non-fouling coatings,
adhesives, sealants, surface modifiers, and compatibilizers. Table 1.2 summarizes the available
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synthetic methods and the prepared fluorinated block copolymers with their macromolecular
structures.
Table 1-2: Summery of fluorinated di and triblock copolymers prepared by different methods.

Methodology

Reaction conditions

Structures

ATRP

PVDF-I, PVDF-Br/CuBr,
PVDF-CCl3/CuCl, P(VDFco-HFP)-CCl3/CuCl,
t-BuMA-Br/CuBr

RAFT
NMP

Aromatic dithioester
PM-TEMPO
(M= S or FAS)
Thiuram,
Tetraphenyl ethane

PVDF-b-PMMA[52],
PVDF-b-PS, PVDF-b-PEA[57] ,
P(VDF-co-HFP)-b-PS, P(VDF-co-HFP)-bPMMA[58],
[59]
PS-b-PFA , PMA-b-PFA[60], PFAS-b-PS[61],
Pt-BuMA-b-PFAEM[62]
P(VC2-co-MA)-b-PFA[63]
PFAS-b-PS[64], PS-b-PFAS, PS-b-PFA[65]

INIFERTER

Pt-BuMA-b-PTFEMA[53], PS-b-PFOA[54],
PDMAEMA-b-PFOA[55], PTFEMA-b-PS[56]

Polymerization methods: ATRP, atom transfer radical polymerization; RAFT, reversible addition
fragmentation transfer polymerization; NMP, nitroxide mediated polymerization; INIFERTER,
initiation-transfer-termination polymerization. Monomers and polymers: tBuMA, tert-butyl
methacrylate; TFEMA, trifluoroethyl methacrylate; S, styrene; FOA, 1,1-dihydro-perfluorooctyl acrylate;
DMAEMA, 2-dimethylaminoethyl methacrylate; MMA, methyl methacrylate; EA, ethyl acrylate; HFP,
hexafluoropropene; VC2, vinylidene chloride; MA, methyl acrylate; FAS, fluoroalkoxy styrene.

In 1998, Zhang et al reported the first attempt to synthesize PVDF-containing block
copolymers using atom transfer free radical polymerization (ATRP). ATRP is the most versatile
controlled free radical polymerization method for constructing well-architectured block
copolymers with predetermined molecular weights and narrow molecular weight distributions.[66]
The triblock copolymer PS-PVDF-PS was prepared from a telechelic dibromibated
macroinitiator (Br-PVDF-Br), which was obtained by radical telomerization of VDF in presence
of 1,2-dibromotetrafluoroethane.[67] The formation of the triblock copolymer was confirmed by
GPC and 1H-NMR. Using a similar approach, Jo et al. demonstrated that diblock and triblock
copolymers (PMMA-PVDF, PMMA-PVDF-PMMA) can be prepared from iodio-functionalized
PVDF macroinitiators.[52] However, this method has some drawbacks, such as the reaction time
is quite long up to several days, molecular weight is not well-controlled, and the resulting block
copolymers have a relatively large polydispersity.
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Destarac et al. further improved the synthesis of PVDF-containing block copolymers by
employing well-defined trichloromethyl-terminated vinylidene fluoride (VDF) telomer
CCl3(C2H2F2)nH as a marcoinitiator.[57] It was found that CCl3-terminated PVDF telomers can
efficiently initiate the ATRP of St, MMA, MA, and BA. Additionally, CCl3-terminated VDF
telomers promote a fast initiation relative to propagation in the ATRP of St, MMA and acrylates.
By varying [CCl3H]0/[VDF]0 and [M]0/[Tn]0 ratios in the telomerization and ATRP steps
respectively, the chain length of both blocks and copolymer composition can be controlled.
Subsequently, Shi et al. extended this method to synthesize a series of P(VDF-co-HFP)-b-PS
block copolymers.[58] After sulfonation of P(VDF-co-HFP)-b-PS, the resulting P(VDF-co-HFP)-

b-PSSS shows high proton conductivity comparable to commonly used Nafion 117, which
indicates that P(VDF-co-HFP)-b-PSSS can be used as an alternative material for proton
exchange membrane (PEM) applications.

1.5 Motivation and Thesis Organization
Rod-coil block copolymers containing π-conjugated rod blocks are very important
because they can self-organize into a variety of supramolecular structures with unique optical
and electrical properties and hold great promise for next-generation optical and electronic
devices. Compared to the coil-coil block systems, the rod-coil copolymers, especially those
containing π-conjugated rod blocks, are still a nascent research field to investigators. Selfassembly characteristics and phase separation behaviors of those block copolymers have not
been well understood up to now. In particular, no systematic study of rod-coil triblock
copolymers with different macromolecular architectures has been reported. In this thesis, novel
synthetic methodologies towards coil-rod-coil, rod-coil-rod and rod-rod block copolymers are
discussed and investigated. The self-assembly properties of the resulting rod-coil triblock
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copolymers have been systematically investigated by UV-Vis spectroscopy, fluorescence
spectroscopy, SANS, TEM, SEM and AFM. The influence of intermolecular π-π stacking on
chain packing has been identified by comparing UV-Vis and fluorescence spectra of the same
block copolymer in different solvent systems. Another motivation of this thesis is to develop one
general methodology for telechelic PVDF-based ferroelectric polymers with a variety of
functional end groups, such as carboxyl, hydroxyl and amino groups, etc. These telechelic
ferroelectric polymers are important building blocks for the construction of multiple block
copolymers. Much effort has been directed towards the preparation of telechelic PVDF-based
ferroelectric polymers in last several decades. However, the current methods do not offer various
choices of functional groups and most of them require rigorous experimental conditions with
tedious procedures. In this thesis, we present a generic and practical method, which is using the
functional benzoyl peroxides to prepare telechelic PVDF-based ferroelectric polymers containing
various functional groups. The possibility of employing those functional polymers towards novel
triblock copolymers and crosslinked network has also been studied.
In

Chapter

2,

a

novel

synthetic

approach

towards

a

polystyrene-oligo(p-

phenyleneethynylene)-polystyrene (PS-OPE-PS) coil-rod-coil triblock copolymer is presented.
The resulting PS-OPE-PS contains an unprecedented long array of oligophenyleneethynylene
with 5 nm in length, which has never been reported yet. The self-assembly characteristics of PS-

OPE-PS in solution are investigated by UV-Vis and SANS. How OPE-PS-OPE adopts different
conformations and chain stacking in response to the external stimuli has been studied by the
investigation of the solvatochromatic shifts of the copolymer in different solvent mixtures.
In Chapter 3, the synthesis and self-assembly study of rod-coil block polymers is
extended to an oligo(p-phenyleneethynylene)-polystyrene-oligo(p-phenyleneethynylene) (OPE-

PS-OPE) rod-coil-rod triblock copolymer. Compared to PS-OPE-PS, OPE-PS-OPE has very
similar chemical composition but very different macromolecular architecture. The thin film
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morphologies of OPE-PS-OPE have been studied by TEM. The correlation between the
resulting multiple morphologies, i.e., vesicle, spherical, onion and rodlike micelles, with the
initial polymer concentration is rationalized by fluorescence spectroscopy studies.
Chapter 4 presents a new synthetic approach to a new multi-conjugated system, i.e., a
fully conjugated diblock copolymer, which contains p-type polythiophene and n-type
polythiazole. The synthesis of two end-functionalized π-conjugated polymers, i.e., polythiophene
and polythiazole, is described. Based on these two end-functionalized π-conjugated polymers,
the synthesis of polythiophene-b-polythiazole rod-rod diblock copolymer has been investigated.
In Chapter 5, the design and synthesis of a series of benzoyl peroxide-based functional
initiators are presented. Initiated by these functional initiators, the homo-polymerization and
copolymerization of vinylidene fluoride and chlorotrifluoroethylene have been systematically
studied by varying the polymerization temperature, time and the amount of initiators. The
structure and the end functionality of resulting telechelic PVDF-based copolymers are carefully
analyzed by 1H-and
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F-NMR. Furthermore, it is also demonstrated that those telechelic

functional ferroelectric polymers can be used as efficient macroinitiators for producing novel
triblock copolymers.
In chapter 6, the conclusions of the thesis and suggestions for future work are presented.
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Chapter 2
Oligo(p-phenyleneethynylene) based Coil-rod-coil Triblock Copolymer: Synthesis and
Controlled Self-Organization in Solution

2.1 Introduction
The self-assembly of rod-coil block copolymers into nanostructures with novel
morphologies and properties has been the subject of intense research in recent years.[1, 2] Both
theoretical and experimental studies have shown that assembly characteristics of these molecules
are distinctly different from those of conventional coil-coil block copolymers.[3,

4]

The high

immiscibility and stiffness asymmetry between rigid rod and conformationally flexible coil
segments affect profoundly the details of molecular packing in thermodynamically stable states
and lead to the formation of self-organized, phased-separated structures at degrees of
polymerization where flexible coil-coil block copolymers are normally still miscible. A variety
of unconventional nanostructures such as zigzag and various micellar morphologies have been
generated from rod-coil block copolymers through microscopic phase separation in the bulk state
and selective solvation in solution.[5, 6,

7, 8]

The self-assembled architectures can be tuned by

judicious selection of chemical compositions and relative volume fraction of the rod segments.
The remarkable self-assembling ability of rod-coil block copolymers provides a versatile
mechanism for the organization of functional materials such as conjugated polymers into welldefined supramolecular structures. π-Conjugated polymers are rigid macromolecules and possess
interesting physical properties due to their unique delocalized π-electron structures.[9, 10, 11] It is
increasingly clear that the electronic and optical properties of conjugated polymers depend
considerably on the intermolecular interactions and thus the structure of aggregates.[12] The
ability to control the architectures of conjugated polymer ensembles is essential for optimizing
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their properties for applications in electronic and opto-electronic devices such as light emitting
diodes, field effect transistors, solar cells, and lasers. Incorporating π-conjugated polymers as rod
segments into heterogeneous block copolymers represents an attractive and powerful approach
for the organization of conducting polymer chains.[13-18] In particular, this method leads to the
possibility of creating self-assembled structures containing conducting nanodomains with unique
electronic properties not realizable with conjugated homopolymers. While block copolymers
containing a conjugated block have been reported, most studies are based on diblock copolymer
architectures and very few studies of triblock copolymers and their self-assembly properties are
known.[19, 20] The discovery and understanding of interactions in self-assembly of conjugated
rod-coil block copolymers are still limited.
In this chapter, we describe the synthesis and characterization of a novel coil-rod-coil
triblock copolymer consisting of oligo(p-phenyleneethynylene) as the rigid block and
polystyrene as the coil block, i.e., polystyrene-oligo(p-phenyleneethynylene)-polystyrene (PS-

OPE-PS). The small-angle neutron scattering studies indicate that the triblock copolymer
possesses interesting aggregation behavior in solution and the resulting supramolecular
assemblies are investigated with respect to their photophysical properties.

2.2 Results and Discussion

2.2.1 Structural Design and Synthesis
Poly(p-phenyleneethynylene)s (PPEs) is a class of π-conjugated polymers with a rod-like
linear structure and demonstrated applications as photonic materials, sheet polarizers, electronic
wires and chemical sensors.[21,

22]

Its distinctive conducting and opto-electronic properties

associated with strong aggregation behavior spark the ideas of the incorporation of
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oligo(phenyleneethynylene)s (OPEs) into block copolymer architectures.[23] The unique
photophysical properties of PPEs, particularly their strong emission characteristics, are also of
great advantage in providing insight into the role of self-assembly in the observed
supramolecular structures. The synthetic strategies toward rod-coil block copolymers using OPE
as the rigid block involve either living polymerization with macro-initiator technique, or a
condensation of two preformed blocks.[24, 25] In both of the above methods, due to dramatically
decreasing solubility with increasing the OPE length, the alkyl or alkoxy substituents have to be
introduced at the α-positions of the phenyl rings as solubilizing components. Herein, we describe
an alterative approach to create well-defined OPE containing block copolymers by linking two
phenyleneethynylene-terminated polystyrene (polystyryl-OPE) units without incorporation of

α-position substitutes into OPE blocks (Scheme 2.1). The reasons for this approach are manifold.
First, the solubility problem of OPEs can be circumvented by two flexible polystyrene blocks.
This synthetic approach also permits synthesis of longer OPEs and other molecular architectures.
Second, due to significant differences in structures and solubility parameters between the highly
rigid unsubstituted OPEs and flexible polystyrene, a large χ value (the Flory-Huggins segmentsegment interaction parameter) can thus be expected. Finally, without the steric repulsion from

α-position substituents, the strong tendency for π-π interaction among unsubstituted OPEs
promotes the formation of parallel aligned OPE assemblies. A cooperative effect of the aromatic

π-stacking and solvophobic interaction may induce new phenomena and novel morphologies.
As outlined in Scheme 2.1, the target difunctionalized phenyleneethynylene trimer 3,
containing amine and iodo end groups was synthesized in 5 steps. Starting from 1-bromo-4iodobenzene, 1-bromo-4-(trimethylsilylethynyl) benzene was obtained by palladium-catalyzed
coupling

reaction

with

95% yield. Subsequently, the bromo

group of bromo-4-

(trimethylsilylethynyl) benzene was converted to the iodo group using a lithium-halogen
exchange reaction and followed by standard procedure for introduction of iodo group (I2 THF
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solution, aqueous workup). Iodo-4-(trimethylsilylethynyl) benzene was obtained in 90% yield
after recrystallization. 4-(4-trimethylsilanylethynyl-phenylethynyl) phenylamine was prepared by
palladium-catalyzed coupling reaction of iodo-4-(trimethylsilylethynyl) benzene with 4-ethynylphenylamine. The protection group trimethylsilyl was removed under mild base condition with
100% yield. Finally, the trimer 3 was obtained by palladium-catalyzed coupling reaction of
dimer 2 with large excess of 1, 4-diiodobenzene ( mole radio of 1:3) to prevent the formation of
the undesirable pentamer.
The carboxylic acid terminus of polystyrene was activated by sulfuryl chloride and
followed by amidation reaction with amino groups on trimer 3 to yield polystyryl-OPE.
Carboxyl terminal polystyrene (polystyryl-COOH) was obtained by living anionic
polymerization of styrene using sec-BuLi as an initiator and subsequently quenching
polymerization solution using the dry carbon dioxide. The coupling of 2 equiv. of polystyryl-

OPE to 1, 4-diethynylbenzene using palladium/copper catalysis produced the triblock
copolymer, PS-OPE-PS. The purification of PS-OPE-PS was conducted by column
chromatography and monitored with thin layer chromatography (TLC).
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Scheme 2.1. Synthesis of coil-rod-coil triblock copolymer (PS-OPE-PS).
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2.2.2 Structural Characterization
The chemical structures of the synthesized compounds were characterized by 1H-NMR,
13

C-NMR, and Raman spectroscopy. The structure of trimer 3 was confirmed by 1H-NMR

spectroscopy. The resonance signal from the amine group is clearly shown at 3.92 ppm as a
single

in

Figure

2-1.

Additionally,

the

multiple

peaks

from

conjugated

oligo(

phenyleneethynylene) (OPE) segments are found from 6.6 ppm to 7.8 ppm. As shown in Figure
2-2, after the coupling reaction of trimer 3 and polystyryl-COOH, the 1H-NMR spectrum of

polystyryl-OPE shows no signal for residual amine groups at 3.92 ppm and affords a doublet at
7.75 ppm and a singlet at 7.54 ppm which are characteristic signals of benzylic protons from
OPE segments. The ethine carbons from OPE are found at 90 - 94 ppm in the

13

C-NMR

spectrum of polystyryl-OPE. In the 1H-NMR spectrum of PS-OPE-PS (Figure 2-3), the absence
of a doublet around 7.75 ppm corresponding to aromatic protons adjacent to the iodo group, and
the increased intensity of a singlet at 7.54 ppm indicate the presence of heptamer OPE in the
triblock copolymer. Raman scattering of vibrational modes of the unsaturated bonds is a
sensitive method for the characterization of conjugated polymers and oligomers. The Raman
peak of PS-OPE-PS are located around 1118, 1591 and 2210 cm-1, and can be attributed to triple
bond stretching of an OPE hexamer (Figure 2-4). The optical properties of the synthesized
structures were investigated by UV-Vis and fluorescence spectroscopy. The π-π* transition,
observed in trimer 3 at 345 nm, was blue-shifted to 335 nm for polystyryl-OPE because of the
electron withdrawing effect of amido bonds. The absorption maximum of PS-OPE-PS is redshifted to 368 nm due to the increase in conjugated length. The resulting polymers are highly
fluorescent in both solution and as solid film. Fluorescence measurements give an emission
maximum for PS-OPE-PS at 406 nm in toluene and a quantum yield of 0.78.
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Figure 2-1: 1H-NMR spectrum of Trimer 3.
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Figure 2-2: 1H-NMR spectrum of polystyryl-OPE.

Figure 2-3: 1H-NMR spectrum of PS-OPE-PS.
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Figure 2-4: Raman spectrum of PS-OPE-PS.

Figure 2-5: GPC profiles of polystyryl-COOH, polystyryl-OPE and PS-OPE-PS.
As shown in Figure 2-5, the resulting polymers show expected molecular weights and
narrow molecular weight distributions as determined from GPC measurements. For polystyryl-

COOH, the number-average molecular weight (Mn) was calculated to be 2791 with a
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polydispersity (PDI) of 1.10 using THF as the eluent and polystyrenes as standards. A Mn of
3141 (PDI = 1.14) was found for polystyryl-OPE. Dimerization of polystyryl-OPE results in

PS-OPE-PS with an approximately double Mn of 6128 and a PDI of 1.17.
The thermal properties of the copolymer were investigated by DSC and TGA
measurements. DSC studies indicate that PS-OPE-PS has three thermal transitions: one at 74.3

°C corresponds to glass transition (Tg) temperature of the polystyrene blocks, and another
endothermic transition at 184.7 °C can be attributed to the melting of OPE crystalline microdomains (Figure 2-6). The endothermic transition around 250 °C is probably due to the
thermotropic liquid-crystalline transition, which was normally observed in “hairy rod”
conjugated polymers.[26, 27] TGA studies reveal that PS-OPE-PS is stable up to 300°C (Figure 27).
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Figure 2-6: DSC thermograms of PS-OPE-PS and PS at a scanning rate of 10 ºC/min.

Figure 2-7: TGA thermogram of PS-OPE-PS at a scanning rate of 10 ºC/min.
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2.2.3 Small-Angle Neutron Scattering in Solution
SANS experiments were performed to study the self assembly behavior of PS-OPE-PS
in solutions of different solvents. Figure 2-8 shows the scattering intensity as a function of
scattering vector for the copolymer PS-OPE-PS in toluene-d8 (d-toluene), tetrachloroethane-d2
(d-TCE), mixed solvents of d-toluene and methanol-d4 (d-methanol) at a volume ratio of 7/3, and
d-TCE and d-methanol at a volume ratio of 7/3 and 3/2, respectively. The chosen highest volume
fractions of methanol in the mixed solvents produce maximum micellization in each system,
above which the system phase separates.
The SANS data are analyzed using the well established algorithm developed for block
copolymer micelles. For monodisperse particles, the scattering intensity can be expressed as

I ( q) = ( Δb ) N s F ( q) S ( q) + I inc
2

Equation 2.1

where Δb is the excess scattering length of a single particle with respect to its surrounding
medium, Ns is the number density of the scattering particles, F(q) is the single particle form
factor, S(q) is the structure factor due to inter-particle interactions, and Iinc is the incoherent
background scattering from hydrogen and deuterium atoms. By modeling the PS-OPE-PS
micelles in the organic solvents as spherical micelles composed of a spherical core of OPE
blocks of radius Ro with PS Gaussian chains of radius of gyration Rg attached to the core
surface,[28] the form factor for a single micelle can be written as,[28]

( Δb )

2

F ( q ) = n 2 ( Δbs ) Fs + 2n ( Δbc ) Fc + 2n(2n − 1) ( Δbc ) Fcc + 4n 2 Δbs Δbc Fsc
2

2

2

Equation 2.2

where n is the micelle aggregation number, Δbs (= bOPE − bsolvent ) and Δbc (= bPS − bsolvent ) are the
excess scattering lengths of one OPE block in the micelle core and one PS block in the micelle
corona, respectively. Expressions can be found elsewhere[28-32] for the self-correlation term Fs(q,
R0) of the spherical core, the self-correlation term Fc(q, Rg) of an attached Gaussian chain in the
corona, the interference cross-term Fsc between the spherical core and an attached Gaussian
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chain, and the interference term Fcc between Gaussian chains. The solid lines in Figure 2-8 are
the fits by using the standard least-square fitting procedures with the form factor for spherical
micelles of triblock copolymers as described by Equation 2-2. The structure factor S(q) in
Equation 2-1 was set to be 1 by neglecting inter-micellar interactions at low copolymer
concentrations except for the mixed solvent of d-toluene and d-methanol where the Baxter sticky
hard sphere structure factor is found to give the best fit.[29-31] The adjustable fitting parameters
were the core radius R0, the micelle aggregation number n, the radius of gyration Rg of the PS
chain in the corona, and the micelle number density Ns. The displacement of the PS chain
gyration center from the core surface[28, 34, 35] was held to be Rg in the fitting. For the Baxter
sticky hard sphere interaction, the fitting parameters were the hard sphere radius Rhs and the
Baxter stickiness parameter 1/τ. The excess scattering lengths of the OPE block in the core (Δbs)
and the PS block in the corona (Δbc) were held at calculated constants (based on bps=0.00581 at a
mass

density

d PS = 1.1 g / cm3

and

an

estimated

bOPE=0.00258

at

a

mass

density dOPE = 1.4 g / cm3 ) as listed in Table 2-1. The fitted structural parameters of the micelle
are summarized in Table 2-1 as well.
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Figure 2-8: SANS of PS-OPE-PS in deuterated solvents of toluene, TCE and TCE/methanol.
Table 2-1: Excess scattering lengths of the OPE block and PS block in different organic solvents and
fitted micelle structural parameters of the copolymer PS-OPE-PS.
In d-toluene

-0.000409 Å

In d-TCE/
d-methanol
(7/3)
-0.000912 Å

In d-TCE/
d-methanol
(3/2)
-0.00107 Å

In d-TCE

Δbs

-0.00191 Å

In d-toluene/
d-methanol
(7/3)
-0.00195

Δbc

-0.0162 Å

-0.0164

-0.00883 Å

-0.0113 Å

-0.012 Å

R of OPE core

22 Å

22

31 Å

25.6 Å

19.3 Å

Rg of PS chain

12 Å

13.5

8.9 Å

14.3 Å

17.6 Å

Aggregation
number

5.4

11.3

1

2.5

3.7

SANS data shows that micelles were not formed in d-TCE as it is a good solvent for both
segments. The fitted parameters reveal that the copolymer PS-OPE-PS forms micelles in dtoluene with an aggregation number of about 5. Given the fact that toluene is a good solvent for
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the PS block but a poor one for the OPE block, we propose that the spherical micelles consist of
a packed OPE core and a PS shell that is presumably highly swollen by toluene.
Interestingly, increase in SANS signals was observed for PS-OPE-PS when methanol
was added to both toluene and TCE, suggesting the formation of aggregates due to their reduced
solubility. The calculated average aggregation number is about 11.3 and 3.7 for toluene/methanol
and TCE/methanol at the highest methanol content, respectively. For the copolymer in the
solvents other than TCE, the aggregates of PS-OPE-PS can be reasonably well described by the
model of spherical micelles with Gaussian chains attached to the micelle core. The core of PSOPE-PS micelles has a radius of about 22 Å (diameter 44 Å) obtained from the SANS data,

while the extended full length of the OPE block is calculated to be around 47 Å. The fitted OPE
block size in TCE is quite large (31 Å), but its attached chains are small (~9 Å). This can be
interpreted as the result of the good solvent quality of TCE which swells the PS chains and make
them more extended so that there is no sharp distinction between the rod-like OPE block and the
extended PS chains in molecular morphology as detected by SANS. For the micelles in the
mixed solvent of toluene and methanol, the Baxter sticky hard sphere structure factor was used to
give the best fit. The fitted hard sphere radius is Rhs = 42 Å and the hard sphere stickiness is 1/τ
= 5.5. The sticky sphere size is smaller than the overall micelle size, indicating overlapping of
the micelle shell when micelles interact with each other. A more rigorous treatment of the
scattering contrast is needed in order to identify the detailed molecular packing is solution.

2.2.4 Self-Organization of PS-OPE-PS in Solution

The intermolecular aggregation of PS-OPE-PS exerts a substantial influence on optical
properties, in which π-π interactions between OPE segments lead to fluorescence quenching and
a shift in absorption spectrum. Therefore, solvatochromism experiments were carried out to
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study assembly behavior of PS-OPE-PS in solution. As shown in Figure 2-9, the maximum peak
(λmax) in the absorption spectra of PS-OPE-PS is red-shifted from 368 nm at toluene to 376 nm
with addition of methanol. At about 65 vol % methanol, an additional peak assigned as
aggregation band[36] at 410 nm is completely developed and the solution spectrum of PS-OPEPS shows considerable resemblance to that of thin films. This bathochromic shift in λmax is due

to the extension of the effective conjugated lengths, as results of the conjugated backbone
becoming more planar due to the formation of aggregates in solution. Similar phenomena have
been observed in dialkyl and dialkoxy substituted PPEs as well as other conjugated polymers
such as poly(3-alkylthiophene)s.[37,

38]

As revealed in our SANS studies, PS-OPE-PS forms

micelles in toluene, where the coil PS block extends and entangles with the OPE to reduce the
unfavorable interfacial contacts between OPE and toluene. Upon the addition of a poor solvent
methanol, the PS chain starts to collapse and PS-OPE-PS forms smaller aggregates. The bulky
PS chains restrict π-π stacking of the OPE units and compress the conjugated chain backbone
becoming more planar because of the low energy barrier of phenyl ring rotation (<1 kcal/mol).[39,
40]

Figure 2-10 shows the surface topography of PS-OPE-PS thin film, which was spin-coated on

the silicon wafer from the toluene/methanol (1:2) solution. Under the tapping mode, the spherical
micelles of copolymer are clearly visualized.
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Figure 2-9: UV-Vis absorption spectra of PS-OPE-PS in toluene/MeOH mixtures and thin
film. The solvent composition is marked by the volume percentage of toluene.

Figure 2-10: The AFM phase image showing the copolymer micelles absorbed on silicon
wafer.
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Surprisingly, PS-OPE-PS exhibits different solvatochromatic behaviors in different
solvent systems, which reveals the fact that the triblock copolymer can readily adopt diverse
assemblies in response to the external stimuli. As shown in Figure 2-11, addition of methanol to
a solution of PS-OPE-PS in TCE leads to the reverse solvatochromatic shift. When more than 50
vol % methanol are added, the PS-OPE-PS solution began to show a hypsochromic shift of the
absorption maximum when compared with the spectrum in TCE. At a 1:2 TCE/methanol ratio,
the λmax is blue-shifted to 332 nm with the formation of an aggregation peak at 410 nm.
Correspondingly, the large fluorescence quench is found with addiction of methanol, implying
existence of π-π interactions of the conjugated OPE block (Figure 2-12) at high volume
percentage of methanol. The quantum yields of PS-OPE-PS in TCE decrease from 0.78 to 0.17
with increase the volume percentage of methanol from 0 to 65 vol% (Figure 2-13). The observed
hypsochromic shift and quenched fluorescence are consistent with exciton coupling of the
aromatic units due to the formation of H-type aggregates by a parallel orientation of OPE
segments.[41, 42] Although reduced photoluminescence quantum yields have also been observed in
toluene/methanol mixtures, TCE/methanol system exhibits much larger decrease of fluorescent
efficiency. As shown in Figure 2-14, the quantum yield declines to 0.17 with addition of 65 vol%
methanol to the TCE solution, whereas, with same amount of methanol, the quantum yield only
drops to 0.58 in the toluene solution. These results are consistent with SANS studies showing
that TCE is good solvent for both PS and OPE segments while toluene is a selective solvent. The
polymer chains of PS-OPE-PS in TCE take an open, extended conformation which, relative to
toluene solutions, facilitates interchain co-facial π-π interactions during aggregation. Without the
shielding effect from α-position substituents present in phenyl ring, the strong π-π stacking
among unsubstituted OPE segments promotes the formation of parallel aligned OPE assemblies
and leads to large fluorescence quenching. This aggregation behavior is distinctive and to our
knowledge, has not been observed in PPEs derivatives. In toluene, PS-OPE-PS, on the other

57
hand, takes a compact conformation and thus, relative to TCE, tends to form relatively
disordered aggregates, which restricts the formation of the excimer complex.

TCE : methanol
332 nm

1.0

368 nm
volum e ratio of TCE

Abosrbance (a.u)

0.8

100%
50%
40%
35%
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W avelength (nm )
Figure 2-11: UV-Vis absorption spectra of PS-OPE-PS in TCE/MeOH mixtures. The solvent
composition is marked by the volume percentage of TCE.
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Figure 2-12: Photoluminescence spectra of PS-OPE-PS in TCE/MeOH mixtures at room
temperature. The solvent composition is marked by the volume percentage of TCE.

Figure 2-13: The quantum yield of PS-OPE-PS in TCE/MeOH mixtures as the function of
vol. fraction of methanol.
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Figure 2-14: Photoluminescence spectra of PS-OPE-PS in TCE, toluene/MeOH and
TCE/MeOH.

2.2.5 Gel Formation.

The π-stacked self-assembly and the consequent aggregate structures in different solvent
systems are further clarified in gelation experiments. Organogels which exhibit no gravitational
flow are a class of materials emerged from molecular self-association.[43] The formation of a
constrained gel-like phase in dilute solution of PS-OPE-PS was observed visually after the
TCE/methanol (1:2 vol) solution was allowed to stand at room temperature for periods up to
several weeks (Figure-15 a). It was also found that this gelation process was not
thermoreversible and the afforded gels can be re-dissolved to form transparent homogenous
solution by addition of TCE, implying the physical cross-linking nature of the gel. The gelation
ability of PS-OPE-PS was evaluated in various organic solvents under the same conditions as in
TCE/methanol. In toluene/methanol solution, we observed precipitation rather than gelation,
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suggesting that extensive organized self-assembly does not occur. These results indicate that
conformation of polymer chains has a dominant influence on gelation. To gain insight into the
aggregation morphology of the PS-OPE-PS organogel, a dried gel sample was transferred onto a
glass substrate and subject to the SEM studies. It is assumed that gel structure remains
unchanged during the drying process. In Figure-15 b, a representative SEM image reveals the
filmlike lamella structures. Although detailed studies are needed to delineate the gelation
mechanism and determine precisely the molecular arrangement of PS-OPE-PS in the organogel,
we believe that the observed ordered structure results from a directed aggregation of conjugated
OPE segments in TCE/methanol. The conjugated OPE segments are most likely closely packed
within the filmlike structures with their long molecular axis parallel to each other. The co-facial

π-stacking of aromatic units induced in the solution state tends to optimize supramolecular
ordering of polymer chains and provides the essential driving forces for self-assembling process
of gelation. The similar filmlike supermolecular structures have been found from the gelation of
small organic molecules, which are driven by hydrogen bonding and π-π interaction.[44]
(a)

(b)

Figure 2-15: (a). Optical image of PS-OPE-PS gel in an inverted vial. (b). The SEM image of
the dried PS-OPE-PS gel.
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2.3 Summary

The bathochromic shift of absorption due to the planarization of conjugated backbone is
generally observed in conjugated polymer aggregates, while the hypsochromic shift mainly
resulting from π-stacking of aromatic units is much less documented. In this paper, a coil-rodcoil triblock copolymer, PS-OPE-PS, has been prepared and characterized. Due to its unique
structure, we successfully access these two different solvatochromatic shifts by manipulating the
solvent compositions. SANS experiments were performed to rationalize the observed
solvatochromatic properties. The distinctive gelation capability of PS-OPE-PS in TCE/methanol
is attributed to the strong π-π stacking interactions of rigid aromatic segments induced by
controlled aggregation in the selective solvents. Our findings will help better understand the
interactions and aggregation of conjugated block copolymers. The strategy to construct
conjugated polymer gels with well-ordered π-π stacking structures might be interesting in the
field of supramolecular electronics.

2.4 Experimental Section
Materials:

Bromo-4-(trimethylsilylethynyl)

benzene

and

1-Iodo-4-

[(trimethylsilyl)ethynyl] benzene were synthesized according to the published procedures.[45] All
reactions were performed under nitrogen or argon. Tetrahydrofuran (THF) was distilled from
Na+/benzophenone ketyl prior to use. The triethylamine was distilled over CaH2 and stored under
argon. Commercially available chemicals were purchased from Aldrich., and used as received.
Synthesis:
Preparation of 4-(4-Trimethylsilanylethynyl-phenylethynyl) phenylamine (1): 1-Iodo-4-

[(trimethylsilyl) ethynyl] benzene (1.32 g, 4.4 mmol), 4-ethynyl-phenylamine (0.51 g, 4.4 mmol),
bis(triphenylphosphine) palladium dichloride (0.086 g, 0.099 mmol) and copper(I) iodide (0.061
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g, 0.32 mmol) were added to dry THF (20 mL) and triethylamine (10 mL). The solution was
stirred at ambient temperature for 12 hours. The solvent was removed and the residue was
purified through a silica gel column eluting with 3:2 dichloromethane/ hexane. The product was
obtained as a light yellow powder: yield 80%. IR (KBr, cm-1): υ 3468, 3378, 2209, 2135. 1HNMR (CDCl3, ppm): δ 7.41 (s, 4H), 7.32, 6.62 (d, 2H), 3.82 (broad, s, 2H), 0.25 (s, 9H).

13

C-

NMR (CDCl3, ppm): δ 87.18, 92.30, 95.90, 104.91, 112.33, 114.79, 122.21, 124.31, 131.15,
131.89, 133.09, 146.92. MS: m/z= 289.2 (M+).
Preparation

of

4-(4-Ethynyl-phenylethynyl)-phenylamine

(2):

4-(4-

Trimethylsilanylethynyl-phenylethynyl) phenylamine (1) (0.867 g, 3 mmol) and potassium
carbonate (0.138 g, 1 mmol) were added to the anhydrous dichloromethane (5 mL) and methanol
(5 mL). The solution was stirred at ambient temperature for 12 hours. After the solvent was
removed, the residue was purified by flash silica gel column using dichloromethane as the eluent.
The product was obtained as a light yellow powder: yield 96%. IR (KBr, cm-1): υ 3465, 3375,
3272, 2207, 2163. 1H-NMR (CDCl3, ppm): δ 7.43 (s, 4H), 7.32 (d, 2H), 3.80 (broad, s, 2H), 3.08
(s, 1H); 13C-NMR (CDCl3, ppm): δ 78.73, 83.46, 86.67, 93.46, 115.10, 121.13, 124.52, 112.21,
131.25, 132.06, 133.09, 146.93.
Preparation of 4-({4-[(4-iodophenyl)ethynyl]phenyl}ethynyl)aniline (3): The 1-ethynyl-

4-((4-aminophenyl)-ethynyl) benzene (2) (1.3 g, 6.0 mmol), bis(triphenylphosphine)palladium
dichloride(0.126 g, 0.149 mmol) and copper(I) iodide (0.091 g,0.48 mmol) were added to dry
THF (10 mL) and triethylamine (10 mL). A solution of 1,4-diiodobenzene (6.0 g, 18.2 mmol) in
10 mL of anhydrous THF was then added dropwise over a period of 5 hours via an additional
funnel. The mixture was stirred at ambient temperature for 12 hours. After the solvent was
removed, the residue was purified through a silica gel column eluting with 2:1
dichloromethane/hexane. The product was recrystallized from toluene and ethanol to give 3 as a
yellow needle solid: yield 1.44 g, 56%. 1H-NMR (CDCl2-CDCl2, ppm): δ3.90 (s, 2H), 6.66 (d,

2H), 7.26 (d, 2H), 7.34 (d, 2H), 7.49 (s, 4H), 7.70 (d, 2H).
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C NMR (CDCl2-CDCl2, ppm): δ

116.5, 133.3, 133.4, 135.0, 139.3. UV-Vis: λmax =345 nm, MS: m/z= 419.1(M+)
Preparation of Polystyryl-COOH: Anhydrous cyclohexane (100 mL) and styrene (10 mL)

were added in an ampoule and certain amount of sec-butyllithium was added through a syringe.
After 3 hours, the solution was transferred in THF (300 mL) saturated with dry CO2, and
resulting solution was acidified with methanolic HCl. After the removal of the solvent, the crude
product was purified by the column chromatography using the toluene as eluent: yield 6.3 g,
71%. GPC: Mn = 2791, DPI = 1.10.
Preparation of Polystyryl-OPE: The carboxyl terminal polystyrene (polystyryl-COOH,

0.5 g, 0.18 mmol) was dissolved in 10 mL of thionyl chloride. After refluxing at 110 0C for 5
hours, the solution was cooled down to room temperature and the extra thionyl chloride was
removed in vacuo. The compound 3 (0.226 g, 0.54 mmol) in dry THF (2 mL) was then added via
a syringe. After the solution was cooled to 0 °C, pyridine (2 mL) was added. The solution was
stirred for 1 hour at 0 °C and 2 hours at ambient temperature. After the solvent was evaporated,
the residue was isolated and purified through a silica gel column eluting with 3:1
dichloromethane/hexane to give light yellow powder: yield: 0.42 g, 82%. IR (KBr, cm-1): υ
3056, 2905, 1942, 1869, 1695, 1653, 1601, 1521, 1493, 1452, 1434, 1376, 1305, 710. Raman
(cm-1): 2209, 1591, 1121. GPC: Mn = 3141, PDI = 1.14. UV-Vis: λmax = 335 nm.
Preparation of PS-OPE-PS: Polystyryl-OPE (0.31 g, 0.1 mmol), 1, 4-diethynylbenzene

(0.0063 g, 0.05 mmol), bis(triphenylphosphine) palladium dichloride (0.01 g, 0.014 mmol) and
copper(I) iodode (0.005 g, 0.026 mmol) were dissolved in dry THF (1 mL) and triethylamine (1
mL). The reaction mixture was stirred at room temperature for 12 hours. After the solvent was
removed under the vacuum, the residue was isolated and purified through a silica gel column
eluting with hexane and dichloromethane with increasing the dichloromethane content (from the
hexane/dichloromethane 1:1 to hexane/dichloromethane 1:2). The chromatography was
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monitored by the UV-Vis spectrophotometer and the eluent with absorption at 368 nm was
collected. The product was further precipitated twice from THF into methanol and dried in vacuo
to give a yellow powder: yield 0.130 g, 41%. IR (KBr, cm-1): υ 3060, 2915, 1942, 1869, 1695,
1653, 1601, 1521, 1493, 1452, 1434, 1376, 1305, 710. Raman (cm-1): 2204, 1591, 1118. GPC:
Mn = 6128, PDI = 1.17. UV-Vis: λmax = 368 nm.
Characterization: 1H-NMR and 13C-NMR spectra were recorded at 297K with 300 MHz

on a Bruker DPX 300 spectrometer. Molecular weights and distribution of polymers were
determined by gel permeation chromatography (GPC) with a Waters Associates liquid
chromatography equipped with a Water 510 HPLC pump, Waters 410 differential refractometer,
and Waters 486 tunable absorbance detector. Differential scanning calorimetry (DSC)
measurements were performed on a Perkin-Elmer series 7 analysis system under N2 at a heating
rate of 10 °C min-1. The thermogravimetric analysis (TGA) measurement was performed on TA
SDT Q600 under N2 at a flow rate of 100 mL min-1 with a heating rate of 10°C min-1. UV-Vis
spectra were collected by a Varian Cary 100 UV-Vis spectrophotometer with DRA-CA-30I
sphere accessory for thin film reflectance measurements. The emission spectra were collected by
a Varian Cary Eclipse spectrophotometer. Raman spectra were performed on a Bio-Rad Fourier
transform Raman II spectrometer equipped with a Nd:YAG laser and a liquid nitrogen-cooled
germanium detector. The laser produced a continuous source of radiation at 1064 nm, and the
power at the sample was approximately 400 mW. Raman spectra were collected at a resolution
of 4 cm-1. Scanning electron microscopy (SEM) experiments were performed using JEOL JSM5400 microscope (accelerating voltage 30 kV and magnification 15~200,000). The surface of
sample was covered by thin Au layer for electrical conductivity. Surface topography of the
polymer film was mapped with Digital Instruments Nanoscope IIIa multimode tapping-mode
atomic force microscopy (TM-AFM). A silicon-etched tip (Nanotips, DI) with a resonance
frequency of ∼300 kHz and spring constant of ∼40 Nm-1 was used for tapping mode AFM
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imaging. The images were acquired at a scan rate of 0.5-1 Hz with a resolution of 512 × 512
pixels.
Small-angle neutron scattering (SANS) measurements: SANS experiments were carried

out on the small-angle neutron diffractometer (SAND) at the Intense Pulsed Neutron Source
(IPNS), Argonne National Laboratory. The SAND instrument provides data in a Q range from
0.004 to 0.8 Å-1 (Q = 4πsinθ/λ, where 2θ is the scattering angle and λ is the wavelength of
neutrons) in a single measurement by using a 40 x 40 cm2 position-sensitive 3He gas detector
(sample to detector distance = 2 m) and neutrons of wavelengths = 1 to 14 Å (resolution Δλ/λ =
0.05 at each λ interval), by means of time-of-flight techniques.[46] The samples were sealed in
Suprasil quartz cells with 2 mm path length. The measurements were performed at 23 °C and a
Polystat Constant Temperature Circulator (Cole Parmer) was used to stabilize the temperature
within ±0.5 °C. The SANS data for each sample was corrected for instrument and solvent
background scattering and is presented on an absolute scale in units cm-1 by following the
standard procedures at IPNS.
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Chapter 3
Multiple Self-Assembled Nanostructures from an Oligo(p-phenyleneethynylene)
Containing Rod-coil-rod Triblock Copolymer

3.1 Introduction

Self-assembly of block copolymers has been demonstrated as a powerful route towards
supramolecular objects with novel architectures, functions and properties.[1] The incorporation of
conjugated polymers into block copolymer architectures opens the way for the tuning of both
molecular organization and the electronic and optical properties of these materials by controlling
their aggregation behaviors.[2, 3, 4] Recently, diverse ordered morphologies from a amphiphilic
rod-coil diblock copolymer, poly(phenyl-quinoline)-b-polystyrene, have been achieved through
the manipulation of polymer structures and solvent quality.[5] Moreover, the rod-coil copolymers
also offer the great opportunity to create highly ordered, micro-porous honeycomb structures.[6]
Those pioneering discoveries strongly suggest that self-assembly of rod-coil block copolymers
has great potential to create diverse supramolecular structures, which might lead to new optical
and electronic properties.
As shown in Chapter 2, the molecular packing of the coil-rod-coil triblock copolymer
polystyrene-oligo(p-phenyleneethynylene)-polystyrene (PS-OPE-PS) could be affected by the
composition of selective solvents. Without incorporation of α-position substituents, it was shown
that the rigid oligo(p-phenyleneethynylene) blocks could form ordered H-type aggregates in a
mixture of tetrachloroethane/methanol. It is believed that the formation of H-type aggregates is
driven by the π-π stacking among π-conjugated segments. In this chapter, we synthesize rodcoil-rod triblock copolymer containing π-conjugated oligo(p-phenyleneethynylene) as the rigid
segment, i.e., oligo(p-phenyleneethynylene)-polystyrene-oligo(p-phenyleneethynylene) (OPE5-
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PS-OPE5). Compared to the polystyrene-oligo(p-phenyleneethynylene)-polystyrene (PS-OPEPS) discussed in Chapter 2, the OPE5-PS-OPE5 has the same chemical structure as PS-OPE-PS,

but very different macromolecular architecture. In OPE5-PS-OPE5, the rigid OPE block is
covalently linked to both ends of flexible polystyrene chain, which can be regarded as rod-coilrod triblock copolymer. In this type of macromolecular architecture, the shielding effect from
coil block PS is expected to be smaller than that in the PS-OPE-PS coil-rod-coil triblock
copolymer, because of a larger steric hindrance between the PS and OPE blocks. In the nonsolvents for OPE, the intramolecular folding of two OPE blocks is thermodynamically favorable
to minimize the interfacial free energy. We expect such a co-facial intramolecular folding to
exert important influence on the self-assembly of rod-coil-rod triblock copolymer. Since
macromolecular architecture can impose constraints that force the resulting aggregates to adopt
different morphologies, studying and comparing self-assembling characteristics of coil-rod-coil
vs. rod-coil-rod triblock copolymer in selective solvents will provide an important example of
such an effect.
In this chapter, the synthesis of OPE5-PS-OPE5 and its self-assembly properties are
discussed. The OPE5-PS-OPE5 was observed to self-organize into vesicle, spherical, onion, and
rodlike micelles, respectively. This remarkable self-assembly process to form various aggregates
was achieved simply by the direct dissolution of the block copolymer OPE5-PS-OPE5 in
toluene, which has not observed from other PPE-type copolymers before.[7] Although our
understanding of this finding is still qualitative, the evidence obtained strongly suggests that the
incorporation of rigid, conjugated blocks into multiple block copolymers is a promising approach
to achieve control of a variety of polymeric micelle morphologies.
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3.2 Results and Discussion

3.2.1 Synthesis and Structural Characterization

The synthetic approach towards the triblock structure OPE5-PS-OPE5 is depicted in
Scheme 3.1. Starting from 1-bromo-4-iodobenzene, a phenyleneethynylene trimer (Compound
1), with amino and iodo end groups was prepared in four steps. The presence of the terminal

amine functionality allows the coupling reaction of compound 1 to a monodispersed α,ωdicarboxyl-terminated polystyrene to yield polymer OPE3-PS-OPE3. The dimer 1-ethynyl-4(phenylethynyl) benzene was prepared from 1-iodo-4-[(trimethylsilyl) ethynyl]-benzene
(compound 2). The reaction of compound 2 with phenylacetylene gave trimethyl [[4(phenylethynyl) phenyl] ethynyl]-silane after recrystallization from ethanol. Subsequently, the
protective group trimethylsilyl was removed by K2CO3 in methanol to yield the high-purity 1ethynyl-4-(phenylethynyl). Sonogashira coupling reaction of OPE3-PS-OPE3 with 2 equiv. of 1ethynyl-4-(phenylethynyl) benzene using Pd(PPh3)2Cl2 and CuI as the catalysts gave OPE5-PSOPE5. The resulting triblock copolymer was purified by dissolving in THF and precipitated by

addiction of menthol three times. The further purification was conducted by column
chromatography using dichloromethae and hexane (2:1) as the eluent to remove trace impurities.
The structure of the polymers was confirmed by spectroscopic studies. After the coupling
reaction of OPE3-PS-OPE3 and 1-ethynyl-4-(phenylethynyl) benzene, the 1H-NMR spectrum of
OPE3-PS-OPE3 shows no signal for residual amine groups at 3.92 ppm and affords a doublet at

7.75 ppm and a singlet at 7.54 ppm, which are characteristic resonance signals of benzylic
protons from OPE segments (Figure 3-2). The ethine carbons from OPE are found at δ 90-94
ppm in the 13C-NMR spectrum of the polymer. In the 1H-NMR spectrum of OPE5-PS-OPE5, the
increased intensity of a singlet at δ 7.49 and the absence of a doublet at δ 7.69 ppm
corresponding to aromatic protons adjacent to the iodo group indicate the presence of pentamer
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OPE5 in the triblock copolymer (Figure 3-3). The Raman peaks of OPE5-PS-OPE5 are located
around 1118, 1591 and 2210 cm-1, and are ascribed to the triple bond stretching of OPE
pentamer. The π-π* transition of the conjugated backbones, observed in compound 1 at 345 nm,
was blue-shifted to 335 nm for OPE3-PS-OPE3 because of the electron withdrawing effect of
amide bonds. The absorption maximum of OPE5-PS-OPE5 appears at 363 nm due to the
increase in conjugation length (Figure 3-1). Fluorescence measurements give rise to an emission
maximum at 391 nm and a photoluminescence quantum yield of 0.70 for OPE5-PS-OPE5 in
dilute toluene solution at 10-3 mg/mL.
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Figure 3-1: UV-Vis absorption spectra of Compound 1, OPE3-PS-OPE3 and OPE5-PS-OPE5
in tetrachloroethane.
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Scheme 3.1. Synthesis of triblock copolymer OPE5-PS-OPE5.
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Figure 3-2: 1H-NMR spectrum of OPE3-PS-OPE3.

Figure 3-3:

1

H-NMR spectrum of rod-coil-rod triblock copolymer OPE5-PS-OPE5.

75

3.2.2 Self-Assembly Properties of OPE5-PS-OPE5

Given the fact that toluene is a good solvent for the polystyrene (PS) block but a poor
solvent for unsubstituted OPE segments (discussed in Chapter 2), OPE5-PS-OPE5 is prone to
form micelle-like aggregates consisting of a packed OPE core and a PS corona shell. As shown
in Figure 3-4, even at a very low concentration of 10-3 mg/mL, the emission spectrum of OPE5PS-OPE5 displays a pronounced peak at 391 nm coming from the solvated polymer chains and a

red-shifted one at 415 nm. The band at 415 nm is believed to originate from the formation of
excimers, which are induced by the intramolecular and/or intermolecular folding of OPE
blocks.[8]
To observe the aggregate morphologies under transmission electron microscopy (TEM),
the dilute solutions of OPE5-PS-OPE5 in toluene were deposited onto carbon-coated copper
grids, which were coated with the formvar thin film. After the evaporation of toluene at
atmospheric pressure and room temperature, the morphologies of copolymer cast on formvar thin
film were investigated by a Phillips EM410 electron microscope at an acceleration voltage of 80
kV. Typical morphologies observed by TEM for the solutions at various initial polymer
concentrations are shown in Figures 3-7 to 3-11. These images were obtained without staining
the sample. When the initial concentration of OPE5-PS-OPE5 is 0.20 mg/mL, vesicular
structures were detected from the solvent cast on the formvar thin films, as evidenced from a
higher transmission in the center of the aggregates than their periphery in the TEM picture
(Figure 3-7), which is due to the thickness effect from wall of the vesicular micelles. The wall
thickness of the vesicles is very uniform, at about 15 nm, and independent of the overall size of
the vesicles. Since the calculated lengths of the OPE block and PS coil are about 3.5 and 5.5 nm,
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respectively, the wall thickness of the vesicles roughly corresponds to twice the length of a
folding OPE5-PS-OPE5 molecule, indicating a bilayer lamellar packing of the OPE blocks.
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Figure 3-4: Fluorescence spectra of OPE5-PS-OPE5 in toluene with different concentrations.
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Figure 3-5: Photoluminescence quantum yield (Φ) of OPE5-PS-OPE5 in toluene as a
function of the copolymer concentration.
Further evidence for the lamellar was obtained from the absorption and emission
spectroscopic experiments. With the polymer concentration increasing to the range from 0.2 to
0.5 mg/mL, the relative intensity of the peak at 391 nm dramatically decreases, while the
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intensity of the band at 415 nm increases, confirming that the peak at 415 nm originates from
excimers produced by the intramolecular and/or intermolecular π electronic coupling of the OPE
aggregates. Accordingly, the photoluminescence quantum yield drops from 0.78 to 0.6 as shown
Figure 3-5. For the thin film cast from 2.0 mg/mL solution, the absorption maximum resulting
from the OPE block was blue-shifted from 363 nm in toluene to 343 nm (Figure 3-6). This 20nm hypsochromic shift is substantial, and seldom found from phenyleneethynylene based
assembly structures. We note that such a hypsochromic shift has been observed from short
unsubstituted oligothiophenes and α,ω-substituted oligothiophenes in Langmuir-Blodgett and
vacuum-deposited thin films, suggesting the orientation of the conjugated blocks with their long
axes parallel to each other (H-aggregates).[9, 10] Herein, the resulting hypsochromic shift from
OPE5-PS-OPE5 copolymer thin films can be interpreted by the molecular exciton model,[11] and

also indicates lamellar structures with a parallel orientation of OPE segments.
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Figure 3-6: UV-Vis absorption spectra of OPE5-PS-OPE5 toluene solution and thin film.
As the polymer concentration increases to 2.0 mg/mL, the photoluminescence spectrum
reveals that the aggregation band at 415 nm is fully developed and the peak at 391 nm disappears
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completely. Interestingly, the increased polymer concentration leads to a morphological
transition from vesicles to spherical micelles. As shown in Figure 3-8, the uniformity of the light
intensity over entire feature supports the spherical nature of micelles, whereas the rest light area
represents the substrate of formvar thin film. These transitions in aggregation structures can be
intuitively understood in terms of the packing requirements of the OPE block in the selective
solvent toluene. With the progressive increase of the polymer concentrations, the spontaneous
formation of large aggregates with dense concentric lamella structure is favored because it
considerably decreases the interface area between toluene and the aggregating OPE blocks.[12]
The proposed lamellar structure is further proved by the detection of onionlike micelles
coexisting with the spheres from a higher polymer concentration at 2.5 mg/mL (Figure 3-9). The
comparable shrinking rates of OPE and PS layers and muti-lamellar structures result in the onion
architecture, which is considered to be controlled largely by the same thermodynamics that lead
to the formation of the lamellar phase in bulk.
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Figure 3-7: TEM micrographs of OPE5-PS-OPE5 from toluene solution (0.2 mg/mL).

Figure 3-8: TEM micrographs of OPE5-PS-OPE5 from toluene solution (2.0 mg/mL). Scale
bar: 200nm.
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Figure 3-9: TEM micrographs of OPE5-PS-OPE5 from toluene solution (2.5 mg/mL). Scale
bar: 200nm.

Figure 3-10: TEM micrographs of OPE5-PS-OPE5 from toluene solution (4 mg/mL).
Scale bar: 500nm.
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Figure 3-11: TEM micrographs of OPE5-PS-OPE5 from toluene solution (5 mg/mL). Scale
bar: 500 nm.
When the initial polymer concentration is increased to 4.0 mg/mL, another structural
transition occurs, as shown by the formation of wormlike micelles in Figure 3-10. The resulting
morphological change is presumably due to coalescence of spheres into cylinders. The
micrograph suggests a relatively narrow size distribution of the cylindrical micelle diameters.
Consequently, the aggregate emission peak is further red-shifted from 415 to 421 nm,
accompanied by quenched emission intensity and a reduced quantum yield because of the
presence of densely packed aggregates. Upon a further increase of the initial polymer
concentration to 5 mg/mL, interconnected rod-like fibers appear as shown in Figure 3-11. The
observed aggregates characteristics are proposed to result from the adhesion collision and fusion
of wormlike micelles at high polymer concentrations.
The formation of aggregates is likely the outcome of the cooperative effect of microphase
separation in the selective solvent and self-assembly driven by π-stacking and hydrogen bonding
interactions. Without the steric repulsion from α-position substituents, the rigid OPE block is
inclined to form the folding structure via aromatic π-π interactions. With the segregation of the
OPE core, the distance between amide groups in OPE5-PS-OPE5 decreases and facilitates the
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formation of hydrogen bonds, which can further enforce the lamellar packing of OPEs and
strengthen the molecular self-assembly process. The effect of concentration on morphology can
be explained using basic concepts of crystal growth. The nucleation sites, i.e. the number and
dimension of aggregates, increases with concentration, as seen in the blue-shifted absorption and
quenched fluorescence spectra. The growth rate is controlled by the diffusion process, and hence,
at higher concentration, the probability that the molecules encounter each other increases.
Consequently, larger aggregates formed in concentrated solution than in dilute solution.
Therefore, it is also not surprising to note that the morphologies of OPE5-PS-OPE5 are also
strongly dependent upon the solvent evaporation conditions. In the case of fast evaporation and
the thin films prepared by spin-coating, only “random” morphologies without any indications of
long-ranger order have been observed. These phenomena might result from the fact that the high
rate of solidification under these accelerated evaporation conditions changed growth rates and
kinetically suppressed the intrinsic self-assembly of OPEs driven by π-π aromatic interactions.
The reversibility between the different morphologies has also been observed. In other words, the
same aggregate can be obtained from either dilute solution or dilution of relative concentrated
solution with the different morphologies.

3.4 Summary

In summary, we present here a simple solution-based route for the control of morphology
in a rod-coil-rod conjugated polymer. As elucidated in TEM studies, the transitions in
aggregation morphologies are found to be correlated with the initial concentration of the
polymer. Our understanding of this subject is still qualitative, but the evidence obtained suggests
that one can exercise control over conjugated polymer morphologies through the interplay
between nonspecific interactions, i.e. demixing of rigid and flexible polymer parts, and self-
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organization driven by specific attractive forces such as aromatic π-stacking and hydrogen
bonding. The study of the formation of multiple phase behavior within a single structure is
interesting because it may provide unprecedented insight into the factors controlling the selfassembling architecture of conjugated block copolymers. It also allows for the study of electrical
and optical property correlations as a function of structure. These studies, as well as complete
investigations of the unique self-assemblies, are very interesting subjects in future work.

3.5 Experimental Section
Materials:

1-Bromo-4-(trimethylsilylethynyl)

benzene,

1-iodo-4-[(trimethylsilyl)

ethynyl]-benzene, and 4-[(4-ethynylphenyl) ethynyl]-benzenamine, were prepared according to
literature procedures.[1,

2]

Dicarboxyl terminal polystyrene was purchased from the Polymer

Source Inc. (Mn=4500, Mw=5000, PI=1.12, functionality >1.95). Tetrahydrofuran (THF) was
distilled from Na+/benzophenone ketyl. All the other chemicals were purchased from the Aldrich
and used as received unless otherwise stated.
Synthesis:
Preparation of Trimethyl [[4-(phenylethynyl) phenyl] ethynyl]-silane: 1-iodo-4-

[(trimethylsilyl) ethynyl]-benzene (2.655 g, 8.84 mmol), phenylacetylene (0.988 ml, 9 mmol),
bis(triphenylphosphine) palladium(II) dichloride (0.077 g , 0.109 mmol), and copper(I) iodide
(0.037 g 0.194 mmol) were dissolved in dry THF (10 mL) and triethylamine (10 mL). The
mixture was stirred at room temperature overnight and the solvent was then removed in vacuo.
The residue was purified through a silica gel column eluting with 1: 10 dichloromethane/hexane.
Yield: 1.35 g (56%). FTIR (KBr, cm-1): υ 2200 (w, C≡C), 2153 (s, C≡C-Si). 1H-NMR (CDCl3,
ppm): δ 7.48 (m, 2H, Ph), 7.43 (s, 4H, Ph), 7.32 (m, 3H, Ph), 0.24 (s, 9H, CH3).

13

C-NMR
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(CDCl3, ppm): δ 131.94, 131.67, 131.43, 128.53, 128.44, 123.39, 123.05, 122.94, 104.69, 96.29,
91.33, 89.07, 0.027. MS: m/z =274.11 (M +).
Preparation of 1-ethynyl-4-(phenylethynyl) benzene: Trimethyl [[4-(phenylethynyl)

phenyl] ethynyl]-silane (1.0 g, 3.65 mmol) and K2CO3 (0.504 g, 3.65 mmol) were added in
dichloromethane (5 mL) and methanol (10 mL). The mixture was stirred at room temperature
overnight and the solvent was then removed in vacuo. The residue was purified through a silica
gel column eluting with 1: 10 dichloromethane/ hexane. Yield 0.68 g (92%). FTIR (KBr, cm-1):

υ 3282 (s, -C-H), 2210 (w, C≡C), 2108 (w, C≡CH). 1H-NMR (CDC13, ppm): δ 7.53 (m, 2H, Ph),
7.46 (s, 4H, Ph), 7.34 (m, 3H, Ph), 3.15 (s, 1H).

13

C-NMR (CDC13, ppm): δ 132.12, 131.70,

131.53, 128.59, 128.46, 123.83, 122.98, 91.43, 88.89, 83.34, 78.95. MS: m/z= 202.07 (M +).
Preparation of 4-({4-[(4-Iodophenyl) ethynyl] phenyl} ethynyl) aniline (1): 4-[(4-

thynylphenyl) ethynyl]-benzenamine (1.3 g, 6.0 mmol), bis(triphenylphosphine) palladium(II)
dichloride (0.126 g, 0.149 mmol), and copper(I) iodide (0.091 g, 0.48 mmol) were dissolved in
dry THF (10 mL) and triethylamine (10 mL). A solution of 1,4-diiodobenzene(6.0 g, 18.2 mmol)
in 10 mL of anhydrous THF was added dropwise over a period of 5 hours via a additional funnel.
The mixture was stirred at the room temperature for 12 hours and the solvent was then removed.
The residue was purified through a silica gel column eluting with 2: 1 dichloromethane/hexane.
Recrystallization from toluene/ethanol gave a yellow needle solid. Yield 1.44 g (56%). 1H-NMR
(CDCl2-CDCl2, ppm) δ 3.90 (s, 2H), 6.66 (d, 2H), 7.26 (d, 2H), 7.34 (d, 2H), 7.49 (s, 4H), 7.70
(d, 2H). 13C-NMR (CDCl2-CDCl2, ppm): δ 116.5, 133.3, 133.4, 135.0, 139.3. UV-Vis (toluene):
λmax= 345nm. MS: m/z=419.26 (M+).
Preparation of OPE3-PS-OPE3: Dicarboxyl terminal polystyrene (1.0 g, 0.22 mmol) was

dissolved in 15 mL of thionyl chloride. After refluxing at 110 °C for 6 hours, the reaction
mixture was cooled down to room temperature and the excess thionyl chloride was removed in

vacuo. The compound 1 (0.339 g, 0.81 mmol) in 2 mL of anhydrous THF was added via a
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syringe. After the solution cooling to 0 °C, pyridine (4 mL) was added. The reaction mixture was
stirred for 1.5 hour at 0 °C and 3 hours at room temperature. The solvent was removed in vacuo.
The residue was isolated and purified through a silica gel column eluting with 3:1
dichloromethane/hexane to give light yellow powders. Yield 0.77 g (76%). FTIR (KBr, cm-1): υ
3058, 2906, 1945, 1869, 1695, 1653, 1603, 1521, 1493, 1452, 1378, 1305, 712. Raman (cm-1): υ
2209, 1592, 1121. GPC (THF, polystyrene standards): PDI= 1.14, Mn= 5532. UV-Vis (toluene):
λmax= 335 nm.
Preparation of OPE5-PS-OPE5: OPE3-PS-OPE3 (0.5 g, 0.095 mmol), 1-ethynyl-4-

(phenylethynyl) benzene (0.076 g, 0.38 mmol), bis(triphenylphosphine) palladium(II) dichloride
(0.01 g, 0.014 mmol), and copper(I) iodide (0.005 g, 0.026 mmol) were dissolved in anhydrous
THF (3 mL) and triethylamine (3 mL). The reaction mixture was stirred at room temperature for
24 hours and the solvent was removed under vacuum. The residue was isolated and purified
through a silica gel column eluting with hexane with increasing dichloromethane content (from
the hexane:dichloromethane 1:0 to hexane: dichloromethane 1:3). The procedure of
chromatography was monitored by UV-Vis spectroscopy and the eluent with absorption
maximum at 355 nm was collected. The product was further precipitated twice from THF by
addition of MeOH and dried under vacuum to give light yellow powders. Yield 0.40 g (81%).
FTIR (KBr, cm-1): υ 3061, 2913, 1943, 1870, 1693, 1653, 1601, 1522, 1494, 1452, 1424, 1376,
1307, 710. Raman (cm-1): υ 2205, 1593, 1120. GPC (THF, polystyrene standards): PDI= 1.15;
Mn= 6107. UV-Vis (toluene): λmax= 355 nm.
Characterization: The 1H-NMR and

13

C-NMR spectra were recorded on a Bruker AM

300 spectrometer. Molecular weights and distribution of polymers were determined by gel
permeation chromatography (GPC) with a Waters Associates liquid chromatography equipped
with a Water 510 HPLC pump, Waters 410 differential refractometer, and Waters 486 tunable
absorbance detector. UV-Vis spectra were collected by a Varian Cary 100 UV-Vis

86
spectrophotometer with DRA-CA-30I sphere accessory for thin film reflectance measurements.
The emission spectra were collected by a Varian Cary Eclipse spectrophotometer. Raman spectra
were performed on a Bio-Rad Fourier transform Raman II spectrometer equipped with a
Nd:YAG laser and a liquid nitrogen-cooled germanium detector. The laser produces a
continuous source of radiation at 1064 nm, and the power at the sample is approximately 400
mW. Raman spectra were collected at a resolution of 4 cm-1. Transmission electron microscopy
(TEM) was performed on a Phillips EM410 microscope operated at an acceleration voltage of 80
kV.

3.6 References

1.

(a) Stupp, S. I.; Lebonheur, V.; Walker, K.; Li, L.; Huggins, K. E.; Keser, M.; Amstutz, A.

Science 1997, 276, 384. (b) Chen, J. T.; Thomas, E. T.; Ober, C. K.; Mao, G. P. Science
1996, 273, 343. (c) Jain, S.; Bates, F. S. Science 2003, 300, 460. (d) Li, Z.; Kesselman, E.;

Talmon, Y.; Hillmyer, A.; Lodge, T. P. Science 2004, 306, 98. (e) Klok, H. A.;
Lecommandoux, S. Adv. Mater. 2001, 13, 1217. (f) FÖrster, S.; Plantenberg, T. Angew.

Chem. Int. Ed. 2002, 41, 688.
2. (a) Lee, M.; Cho, B. K.; Zin, W. C. Chem. Rev. 2001, 101, 3869. (b) Widawshi, G.; Rawiso,
M.; Francois, B. Nature 1994, 369, 387. (b) Bazan, G. C.; Miao,Y. J.; Benak, M. L.; Sun, B.
J. J. Am. Chem. Soc. 1996, 118, 2618. (c) Tew, G. N.; Pralle, M. U.; Stupp, S. I. J. Am.

Chem. Soc. 1999, 121, 9582. (d) Stalmach, U.; de Boer, B.; Videlot, C.; van Hutten, P. F.;
Hadziioannou, G. J. Am. Chem. Soc. 2000, 122, 5464. (e) Wang, H.; Wang, H. H.; Urban, V.
S.; Littrel, K. C.; Thiyagarajan, P.; Yu, L. J. Am. Chem. Soc. 2000, 122, 6855. (f) Liu, J.;
Sheina, E.; Kowalewski, T.; McCullough, R. D. Angew. Chem. Int. Ed. 2002, 41, 329. (g)
Hulvat, J. F.; Sofos, M.; Tajima, K.; Stupp, S. I. J. Am. Chem. Soc. 2005, 127, 366.

87
3. (a) Hempenius, M. A.; Langeveld-Voss, B. M. W.; van Haar, J. A. E. H.; Janssen, R. A.
Sheiko, J. S. S.; Spatz, J. P.; Möller, M.; Meijer, E. W. J. Am. Chem. Soc. 1998, 120, 2798.
(b) Kukula, H.; Ziener, U.; Schol, M.; Godt, A. Macromolecules 1998, 31, 5160. (c) Li, K.;
Wang, Q. Macromolecules 2004, 37, 1172.
4. (a) Nawa, K.; Imae, I.; Noma, N.; Shirota, Y. Macromolecules 1995, 28, 723. (b) Hayakawa,
T.; Horiuchi, S. Angew. Chem. Int. Ed. 2003, 42, 2285.
5. (a) Jenekhe, S.; Chen, X. L. Science 1998, 279, 1903. (b) Jenekhe, S.; Chen, X. L. Science
1999, 283, 372.

6. (a) Drahos, V.; Delong, A. Nature 1960, 186, 104. (b) Boer, B.; Stalmach, U.; Nijland, H.;
Hadziioannou, G. Adv, Mater. 2000, 12, 1581. (c) Song, L.; Bly, R. K.; Wilson, J. N.;
Bakbak, S.; Park, J. O.; Srinivasarao, M.; Bunz, U. H. F. Adv. Mater. 2004, 16, 115.
7. (a) Samori, P.; Francke, V.; Mullen, K.; Rabe, J. P.; Chem. Eur. J. 1999, 5, 2312. (b) Samori,
P.; Severin, N.; Mullen, K. Adv. Mater. 2000, 12, 579. (c) Samori, P.; Francke, V.; Mangel,
T.; Mullen, K.; Rabe, J. P. Opt. Mater. 1998, 9, 390. (d) Breen, C. A.; Deng, T.; Breiner, T.;
Edwin, L.; Swager, T. M. J. Am. Chem. Soc. 2003, 125, 9942. (d) Wang, Y. Q.; Wilson, J.
N. ; Smith, M. D.; Bunz, U. H. F. Macromolecules 2004, 37, 9701.
8. (a) Bunz, U. H. F. Chem. Rev. 2000, 100, 1605. (b) Halkyard, C. E.; Rampey, M. E.;
Kloppenburg, L.; Studer-Martinez, S. L.; Bunz, U. H. F. Macromolecules 1998, 31, 8655. (c)
Bunz, U. H. F. Acc. Chem. Res. 2001, 43, 998.
9. (a) Schoeler, U.; Tew, K. H.; Kuhn, H. J. Chem. Phys. 1974, 61, 5009. (b) Nakahara, H.;
Nakayama, J.; Fukuda, M. Thin Solid Films 1998, 160, 87. (c) Vuorimaa, E.; Yli-Lahti, P.;
Ikonen, M.; Lemmetyinen, H. Thin Solid Films 1990, 190, 175.
10. (a) Yassar, A.; Horowitz, G.; Valat, P.; Wintgens,V.; Hymene, M.; Deloffre, F.; Sirvastava,
P.; Lang, P.; Garnier, F. J. Phys. Chem. 1995, 99, 9915. (b) Hotta, S.; Waragai, K. J. Phys.

88
Chem. 1993, 97, 7427. (c) Oelkrug, D.; Egelhaaf, H. J.; Worall, D. R.; Wilkinson, F. J.

Fluoresc. 1995, 5, 165.
11. (a) Electronic Processes in Organic Crystals Polymers; Pope, M. Ed.; Oxford University
Press: New York, 1982. P40-65. (b) Yassar, A.; Valat, P.; Wintgens, V. J. Phys. Chem. 1995,

99, 9155. (c) Koren, A. B.; Curtis, M. D.; Francis, A. H.; Kampf, J. W. J. Am. Chem. Soc.
2003, 125, 5040.

12. (a) Zhang, L.; Eisenberg, A. Science 1995, 268, 1728. (b) Shen, H.; Eisenberg, A. Angew.

Chem. Int. Ed. 2000, 39, 3310.
13. (a) Nakahara, H.; Nakayama, J.; Hoshino, M. Thin solid Films, 1988, 60, 175. (b) Prochazka,
K.; Martin, T. J.; Webber, S. E.; Munk, P. Macromolecules 1996, 29, 6526.

89

Chapter 4
Synthesis of End-Functionalized π-Conjugated Polymers as Building Blocks Towards P-N
Diblock Copolymers

4.1 Introduction

The development of nanostructured multifunctional materials which are able to
simultaneously satisfy several requirements is a critical element in the realization of advanced
sensing, computation, and communication technology.[1] For example, balanced charge
mobilities of both electrons and holes inside polymers are crucial for optoelectronic
applications.[2] Unlike inorganic semiconductors such as silicon, most of the conjugated
polymers, however, do not have the ability to accept and transport both electrons and holes.
Typical polymer semiconductors either have good hole accepting and transport (p-type)
characteristics, as exemplified by polythiophene and, poly(p-phenylene vinylene) or good
electron accepting and transport (n-type) characteristics, as seen in cyano-substituted poly(pphenylene vinylene).[3,4]
A popular approach to the preparation of multifunctional materials is to mix all of the
necessary functional species into conjugated polymer matrices, forming composites. Since
certain structural organization is usually required for the optoelectronic materials to efficiently
perform their functions, simple mixtures containing multi-components have been shown poor
device efficiency due to intrinsic problems of composites such as uncontrollable macrophase
separation and aggregation. A prime example of the multifunctional materials that benefit form
morphological structuring is photovoltaic cells.[5] In such a device, exciton created by the
absorption of light must be able to diffuse to the interface between p-type and n-type materials
where charge generation can occur. However, the exciton diffusion length in organic materials is
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often limited to about 10-70 nm.[6] This implies that an intimate and nanoscopic mixing of p- and
n-type materials is favorable for charge creation and transport.[7]
One approach to overcome the drawbacks in composite systems is to covalently link the
functional components in a single polymer chain and arrange them into block copolymer
architectures. Each segment in block copolymers can have different functionalities and selforganization ability of block copolymers provides a means to create a well-ordered nanoscale
structures (e.g., spheres, cylinders, lamellae and bicontinuous) governed by the relative volume
fraction.[8] While this principle has been utilized in engineering various functional materials, the
use of block copolymer approach for the construction of fully conjugated block copolymers has
received very limited attention. This is the direct result of difficulties encountered in the
chemistry synthesis. The conventional synthetic methods used for block copolymer preparation
such as living and controlled polymerization techniques generally can not be applied for the
synthesis of conjugated polymers.
One viable methodology toward fully conjugated block copolymers is to prepare
conjugated polymers containing functional end groups that can serve as reactive sites for the
subsequent formation of full conjugated block copolymers. While a great deal of work has been
reported for the modification and variation of the side chains of conjugated polymers,[3] less
attention has been given to the nature and control of the end groups of such polymers. Literature
procedures for the functionalization of end groups of conjugated polymers are very limited. Endgroup functionalizaion of conjugated polymers would lead to not only the preparation of block
copolymers and access of π-conjugated building blocks for supramolecular self-assembly unities
but also the unique opportunities such as the grafting of conjugated polymers onto inorganic
substrates.
In this chapter, our focus is on the development of a fully conjugated diblock copolymer
consisting of an electron-donor block i.e., poly(alkylthiophene) and an electron-acceptor block
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i.e., poly(alkylbithiazole). The resulting diblock copolymer is expected to possess balanced
charge transport for both holes and electrons for potential applications in organic photovoltaics.
Furthermore, the strong cofacial self-π-stacking has been found both in poly(alkylthiophen)[9]
and poly(alkylbithiazole),[10] which is a desirable feature to attain self-assembled structures with
high conductivity via π-π stacking.

4.2 Results and Discussion

4.2.1 Synthesis and Structure Characterization of End-functionalized N-Type Poly(5,5’-(4,
4’-dinonyl-2, 2’-bithizaole)) (PNBT)

It is well known that poly(thiophene)s represent an important class of conjugated
polymers with unique electronic and optical properties of semiconductors in combination with
the attractive mechanical properties and processing advantages. As the analogues of
poly(thiophene)s, the n-dopable poly(alkylbithiazole)s have very similar chemical structures as
poly(alkylthiophene)s,

but

show

quite

different

electrical

and

optical

properties.

Poly(alkylbithiazole)s (PABTs) have been found to have reduction potentials of -1.77 ~ -2.3 V
and remain quite stable during repeated doping and de-doping cycles. Moreover, the reduction
potential can be further decreased to -1.38 ~ -1.93 V after the methylation of the imine nitrogen
in the poly(alkylbithiazole)s, indicating that poly(alkylbithiazole)s are good electron-accepting
(n-type) materials.
In general, the poly(alkylthiazole)s can be prepared by the Stille coupling reaction with
palladium complex as catalysts. The coupling between two difunctional monomers usually
produces the poly(alkylthiazole)s with different terminal groups (Scheme 4.1), which can be two
A or two B groups at both chain ends, or one A at one chain end while one B at the other chain
end. Although the end groups can be theoretically controlled by adjusting the stoichiometry so as
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to terminate both chain ends with A or B group, from the practical standpoint, precise control of
stoichiometry is not achievable with the result that the undesirable end groups still survive on the
end of the polymer chains.
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Scheme 4.1. Scheme of the conventional method to synthesize poly(alkylthiazole)s using
Stille coupling reaction.

4.2.1.1 Design, Synthesis and Structure Characterization of a A-B Difunctional Monomer:
5’-Brome-4, 4’-dinonyl-5-tributylstannayl-2, 2’ bithiazole

Herein, we present the use of A-B difunctional 5'-bromo-4, 4'-didinonyl-5tributylstannanyl-2, 2'- bithiazole (Figure 4-1) as a new monomer in the Stille coupling reaction
to synthesize end-functionalized regioregular poly(alkylbithiazole) for the first time. This
approach presents several advantages over conventional methods. Because of the excellent
chemical stability of 5’-bromo-4, 4’-dinonyl-5-tributylstannayl-2, 2’-bithiazole, it permits further
purification, such as column chromatography and crystallization, to achieve a high-purity
monomer, which is very critical for the preparation of end-functionalized poly(alkylbithiazole)
with desirable molecular weight. Another advantage is that the self-coupling reaction of 5’bromo-4, 4’-dinonyl-5-tributylstannayl-2, 2’ bithiazole ensures that the resulting poly(5, 5’-(4,
4’-dinonyl-2, 2’-bithizaole)) (PNBT) is terminated by the bromo group at one chain end and the
tributylstannayl group at the other chain end after polymerization. One can imagine that the endfunctionalized PNBT can then be used as a building block for multiple block copolymers.

93

Sn

S

S

N

N

Br

5'-Bromo-4, 4'-dinonyl-5-tributylstannanyl-2, 2'-bithiazole

Figure 4-1: Chemical structure of 5’-bromo-4, 4’-dinonyl-5-tributylstannayl-2, 2’-bithiazole.
As shown in Scheme 4.2, the synthesis of 5’-bromo-4, 4’-dinonyl-5-tributylstannayl-2, 2’
bithiazole (monomer 3) starts with the cyclization reaction of halomethyl ketones and
dithiooxamide. 4, 4’-Dinonyl-2, 2'-bithiazolyl (compound 1) was obtained with 80% yield after
re-crystallization from ethanol. Bromination of compound 1 with 3 equiv. bromine in chloroform
solution generated 5, 5’-dibromides with 90% yield. Subsequently, the targeted 5’-bromo-4, 4’dinonyl-5-tributylstannayl-2, 2’ bithiazole was obtained by selective lithiation of the resulting
dibromides at the 5 or 5’position with lithium diisopropylamide (LDA) and quenched by tributyltin chloride at -30 ºC. The reaction mixtures always contain some starting materials and ditributylstannayl substituted bithiazole. It was found that even traces of them would dramatically
decrease the molecular weight of the resulting PNBT. The complete removal of those impurities
for a high-purity monomer 3 can be achieved by column chromatography over silicon gel using
10% (vol.) ethyl acetate in hexanes as the eluent. The monomer 3 is very stable at ambient
condition. As shown in Figure 4.2, the 1H-NMR spectrum clearly shows all of the characteristic
peaks and confirms the exclusive functionalization at 5 or 5’ position of bithiazole ring.
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4.2.1.2 Synthesis and Structure Characterization of End-Functionalized Poly(5, 5’-(4, 4’dinonyl-2, 2’-bithizaole)) (PNBT)
The Stille reaction has established itself as one of the most general and most effective
palladium-catalyzed cross-coupling reactions.[12] Its tolerance towards most functional groups
makes Stille coupling particularly effective for the construction of highly functionalized πconjugated macromolecules.[3] Scheme 4.3 shows the mechanism of the Stille coupling
reaction.[12] The active catalytic species was assumed to be a [PdLn] (L=PPh3) complex, which
reacts with the organic electrophile R-X to generate complex 1. The transmetalation was
believed to lead to complex 2. Finally, the reductive elimination produces organic product R-R’.
It has been found that the catalysts, solvents and metal additives have great a impact on the
reduction and oxidative addition steps in the Stille coupling reaction.[13]

Scheme 4.3. The mechanism of the Stille coupling reaction.[12]
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Initially, the end-functionalized poly(5, 5’-(4, 4’-dinonyl-2, 2’-bithiazole)) (PNBT) was
prepared using Pd(0)(PPh3)4 as the catalyst and toluene as the solvent (Scheme 4.4), which is a
classic reaction condition for coupling bromo and tributylstannayl groups to form a C-C bond.
However, it was found that the polymerization rate of the difunctional monomer 3 (5’-bromo-4,
4’-dinonyl-5-tributylstannayl-2, 2’bithiazole) is quite slow and the conversion is limited to 40%
after 24 hours. The low coupling rate of 5’-bromo-4, 4’-dinonyl-5-tributylstannayl-2, 2’
bithiazole can be attributed to strong electron-deficient nature of the bithiazole organostannane.
After 24 hours, the decomposition of palladium catalyst was observed as black precipitates at the
bottom of the flask at 100 ºC.
Table 4-1: Polymerization of 5’-bromo-4, 4’-dinonyl-5-tributylstannayl-2, 2’ bithiazole
with different reaction conditions

No.
1
2
3
4
5

A
Pd(PPh3)4
Pd(PPh3)4
Pd(PPh3)4
Pd2(dba)3
Pd2(dba)3

B
/
CuI
CuI
Cu2O, PPh3
Cu2O, PPh3

C
Toluene
Toluene
DMF
Toluene
DMF

Yield
40%
55%
65%
70%
80%

In order to improve the polymerization yield, the reaction conditions have been optimized
by screening the catalysts, copper salts and solvents (Table 4-1). It was observed that
polymerization yield was improved to 55% with addition of 1 equiv. CuI with Pd(PPh3)4 as cocatalyst. This result is in accordance with ‘copper effect’ in the Stille coupling reaction, in which
reaction rate is accelerated by addition of CuI or other Cu salts. The ‘copper effect’ can be
rationalized considering the fact that Cu(I) acts as a "phosphine scavenger" to shift the preequilibrium species toward complex 1 in the transmetalation step (Scheme 4.3). As a result, the
CuI provides up to 10-fold acceleration in conjunction with PPh3 as a ligand.[14]
It is well-known that solvents also play a very important role in the Stille coupling
reaction. [15, 16, 17, 18] The solvents can affect not only the chemical stability of the catalysts but
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also the molecular weight of the resulting polymers. The ideal solvents for the Stille coupling
reactions should stabilize the palladium catalysts and also solubilize the resulting polymers.
Interestingly, we found the polymerization yield was further increased to 65%, when
dimethylformamide (DMF) was used as the solvent. This is due to the fact that, as a better
coordinating and more polar solvent compared to toluene, the DMF can assistant stabilizing
palladium catalysts and dissolve PNBT with higher molecular weight.
The best polymerization yield was achieved by using a modified Stille coupling reaction
condition (Pd2(dba)3/PPh3/Cu2O, DMF), which leads to a much higher isolated yield around 80%
. Yu et al. also reported that such catalytic system is specially efficient for the coupling reaction
of electron-deficient heterocycles.[19,

20]

In comparison to Pd(PPh3)4, the complex [Pd2(dba)3]

(dba= dibenzylideneacetone) is considerably more stable than other Pd(0) catalysts. On the other
hand, the Pd2(dba)3/PPh3 catalyst is also much more soluble than Pd(PPh3)4. Previous 31P-NMR
and voltammetric studies suggest that dba is a better ligand than PPh3 to stabilize the Pd(0)
complexs.[21, 22, 23] Therefore, the high yield can be attributed to good solubility and stability of
Pd2(dba)3/PPh3 catalyst.
Since PNBT is more soluble in DMF than in toluene, the molecular weight of PNBT
polymerized in DMF is always higher than that of PNBT polymerized in toluene. However, the
PBNT with high molecular weight has very limited solubility in other common solvents, such as
tetrahydrofuran (THF) and chloroform. It was found that the molecular weight of PBNT can be
controlled in the range of 3000 ~ 4000 daltons by using mixture of solvent (DMF: toluene=1:1
vol). This control is due to the fact that, when the molecular weight of PBNT grows higher than
4000 daltons, it precipitates out from the reaction medium and polymer chain stops growing. The
PBNT with a molecular weight around 4000 has a good solubility in THF, chloroform and
trifluoroacetate acid, which is a prerequisite for the further postpolymerization reactions to
synthesize the p-n diblock copolymer.
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The polymerizations of 5’-bromo-4, 4’-dinonyl-5-tributylstannayl-2, 2’bithiazole were
carried out under anhydrous and oxygen-free conditions using a Schlenk line. The resulting endfunctionalized PNBT was precipitated by addition of methanol. The polymer was re-dissolved in
chloroform and filtered by passing through a short plug of celite to remove black palladium
precipitates. The PNBT was dried in the vacuum oven as dark red powder. The structure of
PNBT was confirmed by 1H-NMR spectroscopy. As shown in Figure 4-3, PNBT gives three
resonance signals at 0.71, 1.25~1.74 and 2.75 ppm, which can be assigned to CH3 protons, CH2CH2-, and -CH2- protons which are adjacent to bithiazole rings respectively. It should be
pointed out that no signals of terminal H in the range of 6-8 ppm were detected except the
solvent peak from CDCl3, which verifies that the tributylstannyl group and the bromo group are
still preserved at the end of polymer chains after the polymerization and workup procedure. It
was found that the tributylstannyl group is cleaved if the polymer is subjected to a Soxhlet
extraction treatment with refluxing methanol, which is evidenced by the appearance of the
terminal H signal at 7.02 ppm in the 1H-NMR spectrum. The existence of bromo group has been
further confirmed by 1H-NMR. After the bromo group was converted to trimethylsilyl group by
reacting the PNBT with excess (4-ethynyl-phenylethynyl)-trimethyl-silane (Scheme 4.5), the 1HNMR spectrum clearly shows the resonance signal of the end trimethylsilyl group at 0.2 ppm
(Figure 4-4). The resulting PNBTs show UV-Vis absorption around 380 nm and exhibit strong
photolumininescence at 510 nm in THF.
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Figure 4-3: 1H-NMR spectrum of the end-functionalized PNBT.

Figure 4-4: 1H-NMR spectrum of the PNBT terminated by H and trimethylsilyl groups.
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The TGA thermogram of PNBT strongly suggests that the end-functionalized PNBT has
very good thermal stability. A typical TGA curve of end-functionalized PNBT is shown in
Figure 4-5. No weight loss was observed up to 250 ºC under the air environment. Subsequently,
a rapid weight loss began at around 400~500 ºC due to the decomposition of the nonyl side chain
of PNBT. The remaining thiazole rings decompose between 500~700 ºC. The DSC thermogram
of PNBT shows one endothermic peak upon heating at approximately 300 ºC, which corresponds
to the order-disorder transition identified as its melting temperature (Tm). A single exothermic
peak is also observed at approximately 250 ºC, which is ascribed to its crystallization
temperature (Tc).

Figure 4-5: Thermogravimetric analysis thermogram of the end-functionalized PNBT

4.2.2 Synthesis and
Polythiophene

Structure

Characterization

of

End-Functionalized

P-type

Poly(3-alkylthiophenes) are a class of semiconducting polymers that have good
solubility, environmental stability and processability. Because of the electron-rich nature of the
thiophene rings, poly(3-alkylthiophenes) can be oxidized (P-doped) to become conductive with

conductivity up to 2000 S cm-1[24,

25]
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Furthermore, regioregular head-to-tail coupled poly(3-

alkylthiophene)s (HT-PATs) can undergo self-assembly, both in solution and in solid state,
resulting in highly ordered two- and three-dimensional supramolecular structures. These
materials show superior electronic and photonic properties compared to their regioirregular
analogues, and this lead to an array of interesting nano- and micro-scale electronic materials.
The synthesis which leads to the end functionalized regioregular polythiophene is shown
in Scheme 4.6. 3-Bromothiophene was prepared through an intermediate 2, 3, 5tribromothiophene according to the literature method.[26, 27] The 3-hexylthiophene was prepared
from 3-bromothiophene by a coupling reaction with a hexyl Grignard reagent in the presence of
Ni(dppp)Cl2 with a 70% yield.[28] The bromination of 3-hexylthiophene at 2-position by the use
of Br2 gives 2-bromo-3-hexylthiophene as reported by Gronowitz et al.[29] The polymerization of
2-bromo-3-hexylthiophene was carried out under rigorous anhydrous and oxygen-free
conditions. The selective metalation of 2-bromo-3-hexylthiophene at the 5-position, followed by
trapping 2-bromo-3-hexyl-5-lithiothiophen with zinc chloride produces the 2-bromo-3-hexyl-5thienyl zinc chloride. Subsequent treatment of 2-bromo-3-hexyl-5-thienyl zinc chloride in situ
with Ni(dppp)Cl2 and quenching by methanol lead to regiochemically defined end-functionalized
poly(3-hexylthiophenes) (P3HT).
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Scheme 4.6. Synthesis of monofunctional poly(3-hexylthiophenes) (P3HT).
Scheme 4.7 describes the proposed mechanism for the Nickel-catalyzed cross-coupling
polymerization towards regiochemically defined end-functionalized polythiophene.[30] The
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diorganonickel intermediate 2 was generated by the transmetallation reaction of 2-bromo-5chlorozinc-3-hexylthiophene with Ni(dppp)Cl2. The reductive elimination of 2 gives an
associated pair of a (dppp)Ni(0) and a tail-to-tail coupled dihalo aryl compound 3. Since Ni(0)
compound can react instantly with arylhalides, the dimer 3 undergoes a very rapid oxidative
addition and the Ni(0) compound inserts the bromine-carbon bond before it separates with the
dimer 3. The generated organonickel complex 5 acts as reactive species to initiate the growth of
polymer chain by the insertion of one monomer in each reaction cycle. It is believed that the
Ni(dppp) moiety is always associated with the polymer chain during the polymerization process.
Therefore, at the end of the polymerization, the Ni(dppp) moiety can be converted to terminal H
by addition of methanol which will lead to the end-functionalized polythiophene with a bromo
group at one chain end and one H at the other chain end (Scheme 4.8).
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The chemical structure of the end-functionalized P3HT was confirmed by 1H-NMR
spectrum as presented in Figure 4-6. All the characteristic resonance signals are assigned as
shown. To further elucidate the end groups of the resulting end-functionalized P3HT, the
MALDI-TOF-MS

(Matrix-assisted

Laser

Desorption/Ionization

time-of-flight

mass

spectrometry) was employed. [31, 32] Benefited from recent advances in ionization methods, the
MALDI-TOF-MS technique was developed as a new soft ionization mode that allows desorption
and ionization of macromolecules with molecular mass up to 20 kilodaltons with very little or no
fragmentation. The structural information, such as mass of repeating unit, end group mass,
copolymer sequence and mechanism of polymerization, can be acquired by using MALDITOF.[33] In our experiments, the best MALDI-TOF results were obtained by using terthiophene
as the matrix and anhydrous THF as the solvent. A typical MALDI-TOF mass spectrum of endfunctionalized P3HT is shown in Figure 4-7. Each peak represents the absolute molecular weight
of one polymer chain with certain chain length. The mass difference between two peaks was
calculated to be 166 daltons, which confirms the analyte is poly(3-hexylthiophene) (P3HT)
(mass of each repeating unit is 166.30 Daltons). Furthermore, the mass of each major peak can
be expressed as 166.30×n+1+80, where the n is the number of repeating unit of polymer chain.
Based on the above information, we can identify the end-group configuration. The mass of the
peaks which follow 166.30×n+1+80 should correspond to the polymer chains terminated by a
bromine group (mass: 80) at one end and a hydrogen (mass: 1) at the other end (H/Br). In Figure
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4-6, another type of peaks are also detected, which are located between every major peaks. The
mass of those minor peaks follows 166.30×n+1+1, indicating some bromo end-groups undergo
fragmentation during the desorption/ionization process.

Figure 4-6: 1H-NMR spectrum of the end-functionalized poly(3-hexylthiophene) (P3HT).
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Figure 4-7: MALDI-TOF Mass spectrum of the end-functionalized poly(3-hexylthiophene)
(P3HT).

4.2.3 Synthesis of P-N Type Poly(5, 5’-(4, 4’-dinonyl-2, 2’-bithizaole))-b-poly(3-hexyl
thiophene) Diblock Copolymer based on End-functionalized Poly(5, 5’-(4, 4’-dinonyl2, 2’-bithizaole)) and Poly(3-hexylthiophene)

The synthesis of fully π-conjugated block copolymers is a challenge for polymer
chemists. The general synthetic procedures leading to π-conjugated polymers do not easily allow
the construction of fully π-conjugated block copolymers. Because the π-conjugated polymers
usually contain random end groups, they can not be utilized in a post-polymerization reaction to
couple with another π-conjugated block and form fully conjugated block copolymers. Our
approach to synthesize fully π-conjugated block copolymers involves the synthesis of two types
of end-functionalized π-conjugated polymers i.e., poly(5, 5’-(4, 4’-dinonyl-2, 2’-bithizaole))
(PNBT, n-type) and poly(3-hexylthiophene) (P3HT, p-type) with well-defined end groups.
Subsequently, the coupling reaction of these two conjugated polymers produces a fully p-n
conjugated diblock copolymer.
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The resulting p-n diblock copolymer with two functional conjugated blocks represents a
new class of functional materials with very attractive properties. For example, such block
copolymer is expected to have charge separation between the electron-acceptor block PNBT and
the electron-donor block P3HT. Furthermore, since the PNBT has more polar nitrogen groups, it
is also expected a phase separation on the nanoscale between PNBT and P3HT, which might lead
to the desirable morphologies for photovoltaic applications.
The synthesis of end-functionalized PNBT and P3HT was described in the previous two
sections. The diblock copolymer poly(5, 5’-(4, 4’-dinonyl-2, 2’-bithizaole))-b-poly(3hexylthiophene) (PNBT-b-P3HT) was synthesized using the Stille coupling reaction of the
bromo-terminated PNBT (compound 4) and the ethynyl-terminated P3HT (compound 3) as
shown in Scheme 4.9. The terminal bromo end group of P3HT was converted to trimethyl-silane
(TMS) in the presence of 3 equiv. of (4-ethynyl-phenylethynyl)-trimethyl-silane with
Pd(PPh3)2Cl2/CuI as the catalyst and triethylamine as the base. The complete removal of
protecting group TMS in compound 2 was achieved by tributyl ammonium fluoride (TBFA) in
THF. After the deprotection reaction, the

1

H-NMR spectrum of poly(3-hexlthiophene)

(compound 3) clearly shows the terminal H from the ethynyl end group at 3.19 ppm (Figure 4-8).
The Mn of the compound 3 was calculated from 1H-NMR spectrum, which is around 3320. The
Mn of poly(5,5’-(4,4’-dinonyl-2,2’-bithizaole) block was determined as 3244 by GPC. The final
diblock

copolymer

poly(5,5’-(4,4’-dinonyl-2,2’-bithizaole))-b-poly(3-hexylthiophene)

was

obtained by reacting ethynyl-terminated P3HT with 2 equiv. of bromo-terminated bromoterminated PNBT. The excess PNBT ensures the complete consumption of P3HT block.
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Scheme 4.9. Synthesis of PBNT-b-P3HT diblock copolymer.

Figure 4-8: 1H-NMR spectrum of poly(3-hexylthiophene) terminated with ethynyl group
(compound 3 in Scheme 4.9).
The diblock copolymer PNBT-b-P3HT was purified by filtration from its chloroform
solution through a short plug of celite in order to remove black palladium precipitates. Further
purification was conducted by solvent fractionation (CHCl3: methanol), extraction by hexanes
and followed by dialysis using a spectra/pro biotech membrane with a 5000 cutoff molecular

108
weight to remove unblocked PNBT and P3HT. The evidence of formation of the block
copolymer was strongly supported by GPC analysis of the diblock copolymer PNBT-b-P3HT.
The Mn (number average molecular weight) of bromo-terminated PNBT (compound 4) is 3320
determined by GPC. After coupling with ethynyl terminated P3HT (compound 3) which has
molecular weight of 3244 calculated from NMR, the Mn of the diblock polymer determined by
GPC increased to 5996 as shown in Figure 4.9, which approximately corresponds to the sum of
molecular weight of PNBT and P3HT blocks. As shown in Figure 4-10, the absorption maxima
of the resulting diblock copolymer was blue-shifted to 383 nm compared to that of P3HT block
at 444 nm. This large bule-shift is due to strong electron-withdrawing effect from PNBT block.
The overall optical properties of the PNBT-b-P3HT are dominated by the acceptor PNBT block.
The similar results were observed in photoluminescence measurements. Although PL emission
of PNBT-b-P3HT becomes broader, the maximum emission of PNBT-b-P3HT was found around
520 nm, which is very close to that of PNBT at 509 nm.

Figure 4-9: GPC profiles of PNBT block and PNBT-b-P3HT diblock copolymer.

109

b

a

c

1.0

Absorbsance (a.u)

0.8

0.6

0.4

0.2

0.0
300

400

500

600

Wavelength (nm)

Figure 4-10: UV-Vis spectra of (a). PNBT block; (b) PNBT-b-P3HT; (c) P3HT block.

500

b

a

c

Fluorescence (a.u)

400
300
200
100
0
400

500

600

700

800

Wavelength (nm)

Figure 4-11: PL spectra of (a) PNBT block; (b) PNBT-b-P3HT; (c) P3HT block.
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4.3 Summary

In this chapter, we designed and synthesized the novel difunctional monomer 1 (5’bromo-4, 4’-dinonyl-5-tributylstannayl-2, 2’ bithiazole). The end-functionalized telechelic
poly(5,5’-(4,4’-dinonyl-2,2’-bithizaole), an electron acceptor block, has been synthesized from
the self-condensation of monomer 1 using the Stille coupling reaction. On the other hand, the
end-functionalized telechelic poly(3-hexylthiophene), an electron donor block, has been
synthesized by a nickel-complex-catalyzed (Ni(dppp)Cl2) reaction. The chain end-groups of both
conjugated polymers have been confirmed by 1H-NMR and MALDI-TOF. Furthermore, that
direct coupling of these two end-functionalized π-conjugated polymers yields a fully conjugated
diblock copolymer with both electron-donor (P-type) and electron-acceptor (N-type) segments,
which has potential applications in organic photovoltaics.

4.4 Experimental Section
Materials: Tetrahydrofuran (THF) was distilled from sodium benzophenone ketyl under

nitrogen. Diisopropylamine was distilled over CaH2 before use. DMF was anhydrous and reagent
grade. n-Butyllithium, anhydrous ZnCl2, Ni(dppp)Cl2, Pd(PPh3)4, and tributyltin chloride were
purchased from Aldrich and used as received. All reactions were performed under argon
atmosphere.
Synthesis:
Preparation of 4,4'-di nonyl-2,2'-bithiazole: The 1-bromo-2-undecanone (7.0 g, 28.2

mmol) and dithiooxamide (1.7g, 14.2 mmol) were dissolved in 50 mL of absolute ethanol in a
100 mL 3-neck flask equipped with a reflux condenser. The reaction mixture was heated at 60
ºC. After 4 hours, the solution was cooled to room temperature and stored in the freezer
overnight. The precipitates were collected via filtration and dried in vacuo. It gave 3.5 g of 4, 4'-
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dinonyl-2, 2'-bithiazole as a pale solid. 1H-NMR (CDCl3): δ.6.95 (s, 2H), 2.81 (t, 4H), 1.69 (q,
4H), 1.35 (m, 24H), 0.88 (t, 6H).
Preparation of 5, 5’-dibromo-4, 4’-dinonyl-2, 2’ bithiazole: 4, 4'-dinonyl-2, 2'-bithiazole

(1.12g, 2.67 mmol) was dissolved in anhydrous chloroform (10 mL) in a 25 mL 3-neck flask
with an addition funnel. The bromine (1.14g, 7.13 mmol) in 5 mL of anhydrous chloroform was
slowly added to the reaction mixture through the addition funnel. The brown-yellow solution was
heated to reflux for 2.5 hours and cooled to room temperature. The solution was concentrated
and crystallized at -20 ºC. The yellow precipitates were collected by filtration and dried in vacuo.
It gave 0.7 g of 5, 5’-dibromo-4, 4’-dinonyl-2, 2’ bithiazole as light yellow crystals. 1H-NMR
(CDCl3) δ 2.73 (t, 4H), 1.71 (q, 4H), 1.28 (m, 24H), 0.87 (t, 6H).
Preparation of 5’-brome-4, 4’-dinonyl-5-tributylstannayl- 2,2’bithiazole: A solution of

diisopropylamine (0.2 mL, 1.42 mmol) in anhydrous THF (5 mL) was cooled to -78 ºC. To this
solution, 0.48 mL n-butyllithium (2.5 M, 1.20 mmol) was added via a syringe. The mixture was
warmed to room temperature for 5 min, and then was re-cooled to -78 ºC. The 5, 5'-dibromo, 4,
4’-dinonyl-2, 2’ bithiazole (0.576 g, 1.0 mmol) was dissolved in 8 mL of THF in a 50 mL 3-neck
flask. To this solution, the freshly prepared LDA solution was added via a syringe and the
reaction mixture was stirred at -78 ºC for 1 hour. The tributylstannyl chloride (0.3 mL, 1.1
mmol) was then added and the reaction mixture was stirred at room temperature for 2 hours. The
reaction mixture was washed with saturated NaHCO3 and extracted by CH2Cl2 (2 × 20 mL). The
combined CH2Cl2 layer was dried over MgSO4. The solvent was removed and the residue was
purified through a silica gel column eluting with 1:7 dichloromethane: hexanes. The product was
obtained as a light yellow liquid. Yield: 0.3 g (40%).1H NMR (CDCl3) δ 2.73 (t, 4H), 1.57 (q,
10H), 1.33 (m, 36H), 0.89 (t, 15H).
Polymerization of 5’-brome-4, 4’-dinonyl-5-tributylstannayl-2, 2’bithiazole: The 5’-

brome-4, 4’-dinonyl-5-tributylstannayl- 2, 2’bithiazole (300 mg, 0.38 mmol) was dissolved in
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anhydrous DMF, and a mixture of Pd2(dba)3 (10 mg, 0.011 mmol), PPh3 (20 mg, 0.076 mmol),
Cu2O (27 mg, 0.19 mmol) were added in one portion. The resulting mixture was stirred at 110
°C for 24 hours, and cooled to room temperature. Excess DMF was removed in vacuo and the
residue was dissolved in 10 mL of chloroform and filtered through a pad of Celite. The polymer
was precipitated by addition of 10 mL of methanol, filtered and dried in vacuo. It gave 126 mg of
a red powder.
Preparation of bromo-terminated P3HT:

The diisopropylamine (4.6 ml, 33 mmol) in 60 mL of anhydrous THF was cooled to –78
ºC. The n-butyllithium (2.5 M in hexane, 12 mL, 30 mmol) was added. The mixture was allowed
to warm to room temperature and then cooled to –78 ºC. This freshly prepared LDA was
transferred via a syringe to a solution of 2-bromo-3-hexylthiophene (8.0 g, 33.0 mmol) in THF
(160 mL) at –78 ºC. The reaction mixture was stirred at –78 ºC for 45 minutes, and anhydrous
ZnCl2 beads (4.5 g, 33 mmol) were added to the reaction mixture. After the zinc chloride beads
were completely dissolved. The reaction mixture was warmed to room temperature, and
Ni(dppp)Cl2 (165 mg, 0.31 mmol) was added. The reaction mixture was stirred for about 5 min,
and then poured into methanol (600 mL) to precipitate the polymer. The polythiophene was
extracted by methanol (100 mL) and THF (200 mL). The THF fraction was poured into
methanol. It gave the end functionalized P3HT (0.9 g, 18%) as a purple solid.
Preparation of ethynyl-terminated P3HT:

The bromo-terminated P3HT (100 mg) and (4-ethynylphenylethynyl)-trimethyl-silane
(10 mg, 0.051 mmol) was dissolved in anhydrous THF (2 mL) and triethylamine (0.5 mL). The
bis(triphenylphosphine) palladium dichloride ( 7 mg, 0.01 mmol) and copper(I) iodode (0.005 g,
0.026 mmol) was added to the reaction mixture. The reaction mixture was stirred at room
temperature overnight. After the solvent was removed under the vacuum, the residue was redissolved in chloroform and filtrated through a short plug of celite in order to remove black
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palladium precipitates. The polymer was precipitated by addition of methanol ( mL). It gave 95
mg polymer as red powder. The polymer was dissolve in 3 mL of THF. To the reaction mixture,
3 drops of tetra-n-butylammonium fluoride THF solution (1 M) were added. The reaction
mixture was stirred at room temperature for 6 hours. The polymer was precipitated by addition of
methanol (15 mL). It gave the ethynyl-terminated P3HT as a dark-red powder. Mn= 3244. UVvis: 444 nm. PL: 569 nm.
Preparation

of

poly(5,5’-(4,4’-dinonyl-2,2’-bithizaole))-b-poly(3-hexylthiophene)

(PNBT-b-P3HT):

Bromo-terminated

PNBT

(200

mg),

ethynyl-terminated

P3HT

(100

mg),

bis(triphenylphosphine) palladium dichloride (0.01 g, 0.014 mmol) and copper(I) iodode (0.005
g, 0.026 mmol) were dissolved in dry THF (1.2 mL) and triethylamine (0.5 mL). The reaction
mixture was stirred at 50 ºC overnight. After the solvent was removed under the vacuum, the
residue was re-dissolved in chloroform and filtrated through a short plug of celite in order to
remove black palladium precipitates. Further purification was conducted by solvent fractionation
(CHCl3: methanol), extraction by hexanes and followed by dialysis using a spectra/pro biotech
membrane with a 5000 cutoff molecular weight to remove unblocked PNBT and P3HT. It gave
block copolymer 130 mg as a dark-red powder. Mn=5996 (GPC, THF, PS standards): UV-Vis:
383 nm. PL: 520 nm.
Characterization: 1H-NMR spectra were recorded on Bruker AM-300 spectrometer

instrument at room temperature using tetramethylsilane (TMS) as an internal reference. Mass
spectra were recorded on a KRATOS mass spectrometer (MS 9/50). The thermal transition data
were obtained by a TA Instrument Q100 differential scanning calorimeter (DSC) at a heating rate
of 10 0C/min. The molecular weights and distribution of polymers were determined by gel
permeation chromatography (GPC) with a Waters Associates liquid chromatograph equipped
with a Water 510 HPLC pump, Waters 410 differential refractometer, and Waters 486 tunable
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absorbance detector. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry was performed on a Perseptive Biosystems Voyager-DE spectrometer using
delayed extraction mode and with an acceleration voltage of 20 keV. MALDI-TOF samples were
prepared from THF solutions using terthiophene as the matrix.
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Chapter 5
Synthesis of Electroactive Fluoropolymer-based Triblock Copolymers

5.1 Introduction

Poly(vinylidene fluoride) (PVDF) and its copolymers, such as poly(vinylidene fluoride-

co-chlorotrifluoroethylene) (P(VDF-co-CTFE)), poly(vinylidene fluoride-co-trifluoroethylene)
(P(VDF-co-TrFE))
trifluoroethylene)

and

poly(vinylidene

(P(VDF-ter-CTFE-ter-TrFE)),

fluoride-ter-chlorotrifluoroethylene-terrepresent

a

class

of

electroactive

fluoropolymers with very attractive piezo/ferroelectric properties.[1] In 1969, Kawai discovered
that the semicrystalline PVDF exhibits strong ferroelectricity after having been subjected to the
effects of both mechanical stretching and electrical poling under high electric field.[2] Since then,
PVDF and its copolymers are of great interest for both fundamental science and applied research.
A

large

number

of

applications

have

been

developed

based

on

their

piezoelectricity/ferroelectricity, such as actuators, transducers, vibration control devices, tactile
devices, energy conversion devices, shock sensors and capacitors.[3] More recently, high
electrostrictive strain responses (> 5%) have been found in the P(VDF-co-CTFE) copolymer,
electron

irradiated

P(VDF-co-TrFE)

copolymer

and

the

P(VDF-ter-CTFE-ter-TrFE)

terpolymer.[4, 5, 6] Additionally, very high energy density (17 J/cc) and fast discharge speed (<
1μs) have been achieved in a commercially available P(VDF-co-CTFE) copolymer. These new
findings further demonstrate that PVDF-based copolymers have great potentials for compact and
low-cost energy conversion applications, as well as for very high energy and power capacitive
storage systems.[7]
However, the low surface energy and coefficient of friction of these fluorinated polymers
have limited their applications, particularly those in which surface adhesion and miscibility with
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other functional components are paramount. To enhance the compatibility of PVDF-based
ferroelectric polymers, incorporation of functional groups into the polymer chain appears an
effective approach. Unfortunately, the general methods to functionalize fluoropolymers by
copolymerization with functional comonomers are not feasible for PVDF-based ferroelectric
polymers. This is because the introduced pending functional units along the main chain disturb
the β-phase crystalline structures of PVDF-based ferroelectric polymers, which results in
reducing or even totally losing ferroelectric properties.[8] Therefore, the development of
telechelic structures, in which functional groups are situated at polymer chain ends, becomes a
viable approach to introduce functional groups into ferroelectric fluoropolymers. The telechelic
approach can keep the main chain structure of ferroelectric polymers intact and therefore
preserve their distinctive ferroelectric properties to a maximum extent. On the other hand, the
resulting end-functionalized structures also open an avenue towards multiple block copolymers
with interesting physical properties.
It has been suggested that the termination in radical polymerization of fluorinated alkenes
is dominated by the radical coupling reaction when they are polymerized by peroxide initiators.[9]
Therefore, one could expect that the chain ends of the fluoropolymers will possess functional
groups at both chain ends from fragments of peroxide initiators after polymerization. In this
chapter, we demonstrate that telechelic PVDF-based ferroelectric polymers can be achieved by
conventional free radical polymerization using the functional benzoyl peroxide initiators. The
resulting telechelic fluoropolymers have also been used as macroinitiators for triblock
copolymers with predetermined structures.
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5.2 Results and Discussion

5.2.1 Synthesis of the Functional Benzoyl Peroxides

Benzoyl peroxide (BPO) has been proven as an efficient initiator for the polymerization
of

ethylenically

unsaturated

fluoromonomers

to

produce

high

molecular

weight

fluoropolymers.[10] Due to the electron-rich nature of the aromatic ring in BPO, a number of
functional groups can be easily introduced into BPO by diverse synthetic chemistry, which
allows us to build a library of the functional benzoyl peroxides with various functional groups.
Scheme 5.1 illustrates the general structural formula of the functional benzoyl peroxides, where
functional groups R are protected carboxyl, amine and hydroxyl groups, etc.

Scheme 5.1. General structural formula of the functional benzoyl peroxides, where R represents
functional groups.
The designed functional benzoyl peroxides were synthesized by acylation of Li2O2 with
corresponding functional group R substituted benzoyl chlorides as shown in Scheme 5.2
(Method 1). It was found that 1.1 to 1.3 moles of Li2O2 per mole of benzoyl chloride usually
gives high yield of the final functional benzoyl peroxides at about 70%. The resulting functional
benzoyl peroxides show good chemical stability at room temperature, and can be further purified
by filtration, column chromatography, recrystallization and solvent extraction without any
decomposition. Therefore, no special caution is required in the work-up and purification steps,
even in large-scale synthesis.
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Method 1

R

O

ClCOCOCl

O

R

OH

Cl

O

Li2O2
R

O
O O

R

Scheme 5.2. Synthesis of the functional benzoyl peroxides by acylation of Li2O2 with benzoyl
chlorides, where R represents functional groups.
However, method 1 involves prior conversions of benzoyl acids to benzoyl chlorides,
which are accomplished under very strong acidic condition by using oxalyl chloride. Attempts to
synthesis of functional BPO with acidic sensitive functional groups, such as 4-tertbutoxycarbonylamino benzoyl peroxide by method 1, were unsuccessful. In order to synthesize
functional BPO carrying acidic sensitive groups, another method was developed, using N, N’dicyclohexylcarbodiimide (DCC) as a coupling reagent in the presence of H2O2 to form
corresponding benzoyl peroxides (Scheme 5.3).
Method 2
DCC, H2O2

O
R

OH

O
R

O
O O

R

Scheme 5.3. Preparation of the functional benzoyl peroxides from coupling reaction of benzoyl
acid and hydrogen peroxide by using N, N’dicycohexylcarbodiimide (DCC) as a coupling
reagent.
Dicyclohexylcarbodiimide, a versatile coupling reagent on many applications,[11] was
found to be very effective for the coupling reaction of benzoyl acids with hydrogen peroxide
(H2O2) in dichloromethane with a small amount of ether at 0 ºC. Benzoyl acids and
dicyclohexylcarbodiimide are employed in stoichiometric ratio with 2-3-fold excess of hydrogen
peroxide. In comparison to method 1, the method 2 which avoids the need of prior conversion of
acid to acid chloride and constitutes a mild route for the preparation of the peroxides possessing
acidic sensitive groups, such as 4-tert-butoxycarbonyl (Boc)-protected amino and phenol groups.
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The decomposition parameters of the functional benzoyl peroxides were determined by
the iodometric method at 90 ºC in acetonitrile.[12] The chemical structures and decomposition
parameters of the afforded functional benzoyl peroxides are summarized in Table 5-1.
Table 5-1: Chemical structures and decomposition parameters of functional benzoyl peroxides.
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5.2.2 Synthesis of Electroactive Telechelic Fluoropolymers Using the Functional Benzoyl
Peroxides

5.2.2.1 Homopolymerization of Vinylidene Fluoride with tert-Butyl Ester Benzoyl Peroxide
(R1)

The synthesis of electroactive telechelic fluoropolymers using the functional benzoyl
peroxides was investigated by studying the homopolymerization of vinylidene fluoride with tertbutyl ester benzoyl peroxide (R1) as the initiator in acetonitrile. The chemical structure of the

tert-butyl ester benzoyl peroxide is illustrated in Figure 5-1.
O

O

O

O

O

O O

O

Figure 5-1: Chemical structure of tert-butyl ester benzoyl peroxide (R1).
The homopolymerization of vinylidene fluoride initiated by peroxide initiators A-A,
generally involves five basic steps as follows (Scheme 5.4):
a) Initiation, which involves a decomposition of the peroxide to generate a pair of free
radicals and subsequent addition of the free radicals to the vinylidene fluoride monomer;
A

2A

A

A + VDF

A VDF

b) Propagation, which involves the successive addition of monomer to the propagation
chain;
A VDF + VDF

A VDF VDF

A VDF VDF

A VDF VDF

n-1

n

c) Termination (recombination termination), which causes the chain growth to stop;

A VDF VDF + A VDF VDF
n

m

A VDF A
m+n
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d) Chain transfer, which involves the transfer of a hydrogen atom or other atoms from other
molecules to the growing chains;

A VDF VDF + X Y
n

e)

A VDF VDF X + Y
n

Reinitiation, free radicals generated in chain transfer step initiate the

polymerization of VDF monomer;
Y

+ VDF

Y VDF

Scheme 5.4. Polymerization mechanism of VDF initiated by peroxides.

It should be pointed out that chain transfer from the PVDF propagation chain to the VDF
monomer has not been reported yet. The propagation free radicals can not capture a proton from
the VDF, because of strong electron-withdrawing effect of fluorine atoms. Due to the same
reason, the disproportionation termination has not been found in polymerization of VDF either.[9]
On the other hand, using acetonitrile as solvent, the chain transfer to solvent can be reduced to a
minimum level, which usually cannot be detected within analytical errors by NMR and IR
spectroscopy. As a result, it is reasonable to conclude that the finial polymer chain structures of
PVDF will not be affected by chain transfer and disproportionation steps. On this basis, we
expect that polymer chains should contain two functional end groups after a recombination
reaction.
The polymerization of VDF initiated by the functional benzoyl peroxides was conducted
initially in acetonitrile at 90 ºC by using tert-butyl ester benzoyl peroxide as an initiator. After
precipitation from acetonitrile and purification, the resulting telechelic PVDF was analyzed by
1

H-NMR and 19F-NMR. As shown in Figure 5-2, a characteristic multiplet centered at 2.9 ppm

can be assigned to methylene groups in the –CH2CF2-CH2CF2-CH2CF2- sequence, which
corresponds to the tail-to-head addition of VDF. The tail-to-tail addition of VDF was also
revealed by the 1H-NMR spectrum, which shows the presence of a mutiplet centered as 2.5 ppm.
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As shown in Figure 5-3, the 19F-NMR spectrum shows multiplet at -95.2 ppm, -114.3 ppm and 116.1 ppm, which are ascribed to -CH2CF2-CF2CH2-CH2CF2-CH2CF2-, -CH2CF2-CH2CF2CF2CH2-, and -CH2CF2-CF2CH2-CH2CF2- sequence, respectively.[13] The mole fraction of headto-tail (H-T) addition of PVDF initiated by tert-butyl ester benzoyl peroxide was calculated
using equation 5.1, where I2.9 is integral of the signal at 2.9 ppm, corresponding to methylene
groups of -CH2CF2-CH2CF2-CH2CF2- sequence, and I2.3 is integral of the signal at 2.3 ppm,
corresponding to methylene groups of -CF2CH2-CH2CF2- sequence. The calculated mole fraction
of head-to-tail (H-T) addition is about 95%, which is the same as observed in the commercially
available PVDF.

H-T addition=

I 2.9 + I 2.3 / 2
I 2.3 + I 2.9

Equation 5.1

A close inspection of the NMR spectra reveals further information about the end groups
and micorstructures in the PVDF polymer chain. It is noteworthy that no resonance signals from
unsaturated structures from a dispropronation termination are detected in the range of 5.5 to 6.5
ppm and -120 to -130 ppm in the 1H-NMR and

19

F-NMR spectrum respectively, which proves

that the termination step is dominated by the recombination reaction. A triplet (2JHF= 55Hz) of
triplets (3JHH= 4Hz) at 6.36 ppm and a triplet at 1.9 ppm were observed in the 1H-NMR
spectrum. These fine features can be assigned to the end protons in -CH2-CF2-H and -CF2-CH3
from short chain branching, which is due to the hydrogen abstraction from PVDF chain
involving an intramolecular 1-5 hydrogen shift, as reported by many research groups (Scheme
5.4).[14,15] After the fluorine-proton decoupling, the triplet at 6.36 ppm remains as a triplet, and
the triplet at 1.9 ppm becomes a singlet further verifying the short chain branching structures.[16]
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Scheme 5.4. Hydrogen abstraction mechanism for short chain branching in PVDF.
The 1H-NMR spectrum of the resulting PVDF clearly shows the resonance signals at 1.58
ppm and 8.02 ppm, which correspond to the protons from the tert-butyl group and phenyl group,
respectively (Figure 5-2). The ratio of integrals between these two peaks is around 9 to 4,
matching well with the theoretical value, which indicates that the functional end groups are kept
intact during the polymerization process and work-up procedures. The presence of a triplet
centered at 4.7 ppm can be assigned to the methylene group adjacent to the ester group linked
with the phenyl ring. These results strongly suggest the formation of telechelic structures in the
PVDF chain.
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Figure 5-2: 1H-NMR spectrum of PVDF with tert-butyl ester as terminal groups.

Figure 5-3:
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F-NMR spectrum of PVDF with tert-butyl ester as terminal groups.
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The influence of polymerization conditions, such as temperature, polymerization time
and concentration of tert-butyl ester benzoyl peroxide (R1) on the conversion of the VDF
monomer have been investigated for the optimized reaction conditions. The experimental results
are summarized in Table 5-2. It is well-known that temperature has not only a dramatic effect on
the initiation step of the polymerization, but also a great impact on the liquid or gaseous state of
solvent in the course of high pressure reactions. The polymerizations carried out at 80-90 ºC
usually achieve good monomer conversions. Although, higher conversion can be obtained at
higher polymerization temperature (100 ºC), the isolated polymer shows light yellow color,
indicating that some side-reactions might occur at higher temperature during the polymerization
process. It is noteworthy that further increase of the reaction time does not help improve
monomer conversion when the conversion already reaches 40%. This is probably due to the fact
that the reaction mixture becomes extremely viscous and the undecomposed initiator is trapped
in the precipitated polymer at high conversion of monomer. The reaction temperature and time
seems to have little effect on the molecular weight of the resulting telechelic PVDF. It was found
that molecular weights of the resulting PVDF normally are in the range of 40-60k, except using
much less initiator in the polymerization.
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Table 5-2: Homopolymerization of vinylidene fluoride with tert-butyl ester benzoyl peroxide
(R1) as the initiator.
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5.2.1.2 Copolymerization of Vinyldene Fluoride (VDF) and Chlorotrifluoroethylene
(CTFE) Using the Functional Benzoyl Peroxides (R1, R2 and R3)
As discussed in section 5.2.1.1, all the results strongly suggest that tert-butyl ester
benzoyl peroxide is a very efficient initiator to produce telechelic PVDF with tert-butyl ester as
the end groups. It should be noted that the same results have been found from the
copolymerization of vinylidene fluoride (VDF) and chlorotrifluoroethylene (CTFE). In a similar
fashion as homopolymerization of VDF, VDF and CTFE were copolymerized using tert-butyl
ester benzoyl peroxide (R1) at 90 ºC for 4 hours with about 40% monomer conversion (Scheme
5.5).
R1
O
O
H

F

H

F

+

O
O

F

F

Cl

F

O
O

O

O

O

O O

O

90ºC, acetonitrile

H F
Cl F
O
C C
C C O
H F x F F y

O
O

Copolymer1

Scheme 5.5. Copolymerization of VDF and CTFE using tert-butyl ester benzoyl peroxide as the
initiator.
The microstructures of the resulting telechetic P(VDF-co-CTFE) terminated by tert-butyl
ester have been analyzed by 1H-NMR and
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F-NMR, and the details of the resonance signal

assignment are summarized in Table 5-3. The composition of the copolymers was calculated
following the literature method.[17] Just as expected, the resonance signals of the end groups are
clearly shown in the 1H-NMR spectrum (Figure 5-4). The resonance signal centered at 1.58 ppm
and the one centered at 8.11 ppm correspond to the tert-butyl and phenyl groups at the chain
ends, respectively. Table 5-4 summarizes the copolymerization results of VDF with CTFE by
using 4-tert-butoxycarbonylamino benzoyl peroxide (R2) and [(tetrahydropyran-2-yloxy)
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methyl] benzoic peroxide (R3) as the initiators. The existence of the functional end-groups of the
copolymer P(VDF-co-CTFE) polymerized by using R2 and R3 is evidenced by 1H-NMR
spectroscopy. The 1H-NMR spectrum of the copolymer P(VDF-co-CTFE) polymerized by using

R2 initiator clearly shows the resonance signals at 1.58 and 7.58~7.91 ppm corresponding to 4tert-butoxycarbonyl and phenyl groups at the chain ends of the copolymer (Figure 5-5). In Figure

5-6, the end groups of the copolymer P(VDF-co-CTFE) polymerized by using R3 are also
confirmed in 1H-NMR spectrum. The resonance signals of phenyl protons at 7.50-7.98 ppm,
diastereotopic methylene protons at 4.56-4.81 ppm and methylene protons on tetrahydropyranyl
ring at 1.69-1.85 ppm are consistent with the incorporation of tetrahydropyranyl (THP) protected
benzyl alcohol groups into the copolymer chain ends.
The results from the homopolymerization of VDF and the copolymerization of VDF with
CTFE strongly support our design that the telechelic PVDF and P(VDF-co-CTFE) can be
obtained by using the functional benzoyl peroxides. Such electroactive telechelic fluoropolymers
are not accessible through any other methods reported so far. By manipulating the functional
groups on BPO, protected carboxylic acid, amino and hydroxyl groups have been incorporated
into fluoropolymer chain ends for the first time. After the deprotection reaction, the resulting
fluoropolymers are expected to have carboxylic acid, amine and hydroxyl group at chain ends, as
discussed in the next section.
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Table 5-3: Chemical shifts and assignments of NMR resonance signals of the P(VDF-co-CTFE)
copolymer terminated with tert-butyl ester groups.

Table 5-4: Copolymerization of VDF with CTFE using the peroxides R1, R2 and R3.
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Figure 5-4:
groups.

1

H-NMR spectrum of P(VDF-co-CTFE) with tert-butyl ester as the terminal

Figure 5-5: 1H-NMR spectrum of P(VDF-co-CTFE) with 4-tert-butoxycarbonylamino as the
terminal groups.
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Figure 5-6: 1H-NMR spectrum of P(VDF-co-CTFE) with tetrahydropyranyl (THP) protected
benzyl alcohol as the terminal groups.
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5.2.1.3 Synthesis of the Telechelic P(VDF-co-CTFE)s with Carboxylic Acid, Amine and
Hydroxyl as Functional End Groups
As discussed in the pervious section, the P(VDF-co-CTFE) can be terminated by tertbutyl ester, 4-tert-butoxycarbonylamino (Boc-NH) and tetrahydropyranyl (THP) protected
benzyl alcohol, which are prepared using the corresponding functional benzoyl peroxides R1, R2
and R3,[18] respectively. It has been proven that the protecting groups, tert-butyl ester, 4-tertbutoxycarbonyl (Boc) and tetrahydropyranyl (THP), are very stable under neutral and slightly
basic conditions. Therefore, handling of these polymers does not require special care in the steps
of isolation and purification. On the other hand, it is known that tert-butyl ester, Boc and THP
are readily cleaved by various reagents under the mild reaction conditions,[18, 19] which do not
interfere with the main chain structures of the resulting polymers. In order to produce telechelic
polymers with well-defined chain-end structures, a complete removal of the protecting groups is
essential, since separation of the protected and the deprotected forms in the same polymer chain
is in principle impossible. In our experiments, the quantitative deprotection of tert-butyl ester
and 4-tert-butoxycarbonylamino groups in P(VDF-co-CTFE) has been achieved in anhydrous
dichloromethane with iodotrimethylsilane as a cleavage reagent. Similarly, the quantitative
deprotection of the tetrahydropyranyl (THP) group in P(VDF-co-CTFE) was obtained by
treatment with dilute HCl in aqueous THF solution for 6 hours. As shown in Scheme 5.5, the
cleavage of tert-butyl ester, 4-tert-butoxycarbonylamino and tetrahydropyranyl groups afford the
P(VDF-co-CTFE) with carboxylic acid, amine and hydroxyl as end functional groups.
The complete removal of the protecting groups was confirmed by 1H-NMR spectroscopy.
As shown in Figure 5-7, the cleavage of the tert-butyl ester group in copolymer 1 leads to
complete disappearance of the resonance signal from tert-butyl groups at 1.58 ppm. The
quantitative deprotection of the Boc group in copolymer 2 is also evidenced by the appearance of
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the signal from amine group around 6.1 ppm and disappearance of the signal corresponding 4-

tert-butoxycabonyl group at 1.57 ppm (Figure 5-8). The absence of the tetrahydropyranyl proton
resonance signals at 4.56-4.81 ppm and 1.69-1.85 ppm indicates a complete removal of
tetrahydropyranyl group from copolymer 3 (Figure 5-9).
Copolymer 1
O

O

O

O

H F
Cl F
O
C C
C C O
H F x F F y

O
O
Copolymer 4

I Si

O

O

HO

H F
Cl F
O
C C
C C O
H F x F F y

O

CH2Cl2, 0ºC

O
OH

Copolymer 2
O
O

O
HN

O

H F
Cl F
O
C C
C C O
H F x F F y

O
NH

O

Copolymer 5
I Si
O
H2N

O

CH2Cl2, 0ºC

H F
Cl F
O
C C
C C O
H F x F F y

NH2

Copolymer 3
O
O

O
O

H F
Cl F
O
C C
C C O
H F x F F y

O
O
Copolymer 6

HCl/CH3COOH

HO

O
O

THF, 60ºC

H F
Cl F
O
C C
C C O
H F x F F y

OH

Scheme 5.5. Synthesis of the telechelic P(VDF-co-CTFE) via deprotection of the protected
functional groups.
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Figure 5-7: 1H-NMR spectrum of P(VDF-co-CTFE) with carboxylic acid as the terminal
groups.

Figure 5-8: 1H-NMR spectrum of P(VDF-co-CTFE) with amine as the terminal groups.
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Figure 5-9: 1H-NMR spectrum of P(VDF-co-CTFE) with benzyl alcohol as the terminal
groups.
The telechelic polymers with functional end groups are of great interest for crosslinked
networks and preparation of multiple block copolymers. Our primary results also show that the
resulting telechelic P(VDF-co-CTFE) copolymer can be crosslinked with multi-functional
regents. For example, the telechelic P(VDF-co-CTFE) terminated with amine can be crosslinked
by thermally introduced amidation reaction with trimesic acid. Spectroscopic evidence for the
cross-linking reaction was obtained using infrared spectroscopy where a new amide II peak (N-H
mixed mode) appears at 1630 cm-1 at the expense of a dramatically attenuated absorbance at
1726 cm-1 owing to the carboxylic groups in the acids (Figure 5-10). The distribution of amide
linkages in the cross-linked thin films was mapped by FTIR reflectance-transmission
microspectroscopy (FTIR-RTM) (Figure 5-11). Further evidence for the cross-linking reaction
was provided through thermal analysis. In addition to a broader melting transition, the
crystallization temperature was found to decrease by nearly 11 0C relative to its telechelic form.
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These results indicate that the formation of cross-linking structures inhibits the recrystallization
and leads to reduction in crystal sizes, which is in good agreement with those reported in the
electron-irradiated PVDF films.[20]

Figure 5-10: FTIR spectra in the region from 1450 to 1750 cm-1 of the cast films of amineterminated P(VDF-co-CTFE) and 1 wt% trimesic acid (a) before and (b) after crosslinking.

Figure 5-11: FTIR-RTM maps of the distribution of the amide linkage in the cross-linked thin
films over an area of 340 × 340 μm. The color scale indicates the relative amount of the amide
bonds in that location on the film.
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5.2.1.4 Synthesis of Multiple Block Copolymers based on the Telechelic Structures
As we demonstrated earlier, the electroactive PVDF and P(VDF-co-CTFE) can be
functionalized with various functional groups, e.g. carboxylic acid, amine and hydroxyl group.
Apparently, these telechelic polymers readily function as building blocks for the construction of
multiple block copolymers. For example, amine-terminated P(VDF-co-CTFE) is capable of
coupling with carboxylic acid-terminated polystyrene to produce PS-b-P(VDF-co-CTFE)-b-PS.
Additionally, the hydroxyl-terminated P(VDF-co-CTFE) can be employed as a macroinitiator for
the ring-opening polymerization of ethylene oxide and caprolactone, which will generate triblock
copolymer PEO-b-P(VDF-co-CTFE)-b-PEO and PCL-b-P(VDF-co-CTFE)-b-PCL. Herein, we
present that telechelic PVDF containing benzylic halides are very effective macroinititors in the
subsequent atom transfer radical polymerization (ATRP) for the synthesis of triblock
copolymers. It has been found that this method is applicable for a wide range of monomers such
as styrenes and methacrylates.
Based on the organic halide initiator (RX) and a metal/ligand catalytic system, ATRP is
able to promote fast initiation compared to propagation and then reversibly activate halogenated
chain ends (PnX) during polymerization.[21,

22]

ATRP has been proven as one of the most

versatile methods for the synthesis of block copolymers with predetermined molecular weights
and narrow molecular weight distributions. It is logical to expect that the combination of
conventional free radical polymerization of fluoromonomers and subsequent ATRP will lead to a
diversity of block copolymers with novel macromolecular structures.
In order to simplify the synthesis and structure characterization of the resulting polymers,
our investigation mainly focuses on the benzylic halide-terminated PVDF and the resulting
triblock copolymers. In a similar fashion as described earlier (Scheme 5.6), two benzylic halideterminated telechelic PVDF are synthesized by free radical polymerization using 4-chloromethyl
benzoyl peroxide (R5) and 4-(chloro-phenyl-methyl) benzoyl peroxide (R6) as the initiators,
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which are also listed in Table 5-1. The corresponding PVDF end groups, benzyl chloride and
benzhydryl chloride, are clearly identified by 1H-NMR spectra, as shown in Figures 5-12 and 513. Previous literature results suggest that the benzylic chlorides are stable under the free radical
reaction conditions.[23] The fact that chemical shifts of methyl protons in benzyl chloride and
benzhydryl chloride groups do not show any changes after polymerization of VDF indicates that
the chlorine atom remains intact and is still preserved at the chain ends.
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Scheme 5.6. Synthesis of benzylic chloride terminated PVDF.
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Figure 5-12: 1H-NMR spectrum of benzyl chloride terminated PVDF.

Figure 5-13: 1H-NMR spectrum of benzhydryl chloride terminated PVDF.
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Benzyl-substituted halides are considered as effective initiators for the polymerization of
styrene and its derivatives due to their structural resemblance.[22] It is very interesting to take
advantage of its living polymerization characteristics to prepare block copolymers. In order to
maintain a sufficiently large propagation rate, avoid vitrification at high conversion (for
polystyrene Tg ~ 100 °C) and increase the solubility of the copper (I) catalyst, a reaction
temperature at 110 °C has been chosen for the subsequent ATRP. It was found that, as a
marcoinitiator, benzyl chloride-terminated PVDF can successfully initiate styrene to afford the
triblock

copolymer

PS-b-PVDF-b-PS

using

copper(I)

chloride/N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMDETA) as the catalytic system as shown in Scheme 5.7. The
composition of the resulting block copolymer was calculated from the 1H-NMR spectrum by
comparing the integrals of characteristic protons in PVDF and PS blocks. It should be noted that
a similar triblock copolymer has been synthesized by using the combination of ITP (iodine
transfer polymerization) and ATRP as reported in the literature.[24] However, the ITP approach is
limited by only producing fluoro-blocks with low molecular weights. The reported Mn of PVDF
segments by the ITP approach are usually below 4000 daltons, which is too small for block
copolymers to adopt the characteristics of the fluoro-blocks. In contrast to the ITP approach, the
molecular weight of PVDF blocks prepared by our method is above 40000 daltons, 10 times
higher than those of previous literature reports, which is desirable to preserve the characteristics
of the fluoro-blocks.
Benzhydryl chloride is a better initiator than benzyl chloride for more reactive
monomers, such as methacrylates, due to its faster radical generation capability.[25] The
benzhydryl chloride-terminated PVDF has been proven as an effective macroinitiator for
subsequent ATRP of methyl methacrylate (MMA), and even for the much more polar monomer
2-(dimethylamino) ethyl methacrylate (DMAEMA). The triblock copolymers PMMA-b-PVDFb-PMMA and PDMAEMA-b-PVDF-b-PDAMEMA were obtained under the similar reaction
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conditions as shown in Schemes 5.8 and 5.9. Because of the relative ease to activate,[22]
subsequent ATRP of MMA was much faster compared to that of styrene, reflected by the higher
molecular weight of PMMA blocks. However, under the same polymerization conditions, the
molecular weight of PDAMEMA in the second block is relative low compared to that of PMMA
block. This can be interpreted by considering the coordination effect from nitrogen-containing
DAMEMA. Such a coordination effect is expected to interfere with the metal complexation
ability of the ligand and leads to a slower polymerization rate. The detailed experimental results
of the resulting triblock copolymers are summarized in Table 5-5.
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Scheme 5.8. Synthesis of PMMA-b-PVDF-b-PMMA triblock copolymer by copper catalyzed
ATRP.
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Scheme 5.9. Synthesis of PDMAEMA-b-PVDF-b-PDMAEMA triblock copolymer by copper
catalyzed ATRP.
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Table 5-5: Block copolymerization of benzylic chloride-terminated PVDF with Sty, MMA and
DMAEMA.

Sty=styrene, MMA= methyl methacrylate, DMAEMA=2-(dimethylamino) ethyl methacrylate
Although the attempts of characterization of the resulting copolymers with gel
permeation chromatography (GPC) were not successful due to their low solubility in the eluent
of our GPC, the formation of the triblock copolymers was confirmed and analyzed by 1H-NMR
spectroscopy. The

1

H-NMR spectra of PS-b-PVDF-b-PS, PMMA-b-PVDF-b-PMMA and

PDMAEMA-b-PVDF-b-PDMAEMA are shown in Figures 5-14, 5-15 and 5-16, respectively.
All these figures clearly show the groups of resonance signals at 2.3-3.5 ppm corresponding to
the head-to-tail and tail-to-tail addition sequence of VDF. The characteristic resonance signals at
6.5-7.4 ppm (aryl, 5H), 1.3-1.7 ppm (methylene, 2H) and 1.8-2.0 (benzylic, 1H) from the
polystyrene blocks are observed in Figure 5-14. In Figure 5-15, the resonance signals belonging
to PMMA at 3.6 ppm (ester methyl, 3H), 0.8-1.3 ppm (methyl, 3H) and 1.8-2.1 ppm (methylene,
2H) are detected in the 1H-NMR spectrum of PMMA-b-PVDF-b-PMMA. Similarly, the
characteristic resonance signals from PDMAEMA are also evidently shown in the 1H-NMR
spectrum of PDMAEMA-b-PVDF-b-PDMAEMA (Figure 5-16).
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Figure 5-14: 1H-NMR spectrum of PS-b-PVDF-b-PS triblock copolymer.

Figure 5-15: 1H-NMR spectrum of PMMA-b-PVDF-b-PMMA triblock copolymer.
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Figure 5-16:
copolymer.

1

H-NMR spectrum of the PDMAEMA-b-PVDF-b-PDMAEMA triblock

5.3 Summary
In conclusion, we successfully developed a family of novel functional benzoyl peroxides
through a concise and potentially practical synthesis. The designed peroxides show high
efficiency to polymerize ethylenically unsaturated fluoromonomers. Remarkably, the resulting
fluoropolymers exhibit expected and desirable telechelic characteristics consisting of a diversity
of end groups, such as carboxylic acid, amine and hydroxyl groups, which can be efficiently used
as building blocks for construction of multiple block copolymers with novel macromolecular
architectures. Based on the functional benzoyl peroxides, it has also been demonstrated that a
combination of conventional free radical polymerization and subsequent ATRP is an effective
approach for the synthesis of triblock copolymers containing electroactive PVDF-based
functional segments.
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5.4 Experimental Section
Materials. All reagents were purchased from Aldrich and used without further
purification unless otherwise noted. All the solvents used for the synthesis were HPLC grade.
Tetrahydrofuran (THF) was distilled from sodium benzophenone ketyl under nitrogen.
Vinylidene fluoride (VDF), hexafluoropropene (HFP), and chlorotrifluoroethylene (CTFE) were
purchased from SynQuest Laboratory Inc. and purified by the freeze-thaw process prior to use.
All manipulations of gas-condense transfer were carried out with rigorous exclusion of oxygen
and moisture on a dual-manifold Schlenk line with 10-6 Torr high vacuum.

Structural Characterization. 1H-NMR and

19

F-NMR spectra were recorded on Bruker

AM-300 spectrometer instrument at room temperature using tetramethylsilane (TMS) and CF3Cl
as internal references, respectively. Mass spectra were recorded on a KRATOS mass
spectrometer (MS 9/50). The thermal transition data were obtained by a TA Instrument Q100
differential scanning calorimeter (DSC) at a heating rate of 10 0C/min. Infrared spectra were
recorded on Varian Digilab FTS-800 Fourier Transform Infrared Spectrometer (FTIR). Infrared
images were collected using a Bruker Hyperion 3000 FT-IR microscope spectrometer. The
microscope is equipped with brightfield, darkfield, and fluorescence illumination as well as
polarization capabilities to enhance contrast and facilitate sample visualization. The microscope
is also equipped with a video camera, liquid nitrogen cooled-mercury cadmium tellride (MCT)
detectors and a computer controlled stage to conduct the line mapping, area mapping and
imaging. The mapping stage permits a 10 cm x 10 cm mapping travel and ±3 µm accuracy. The
128 x 128 element focal plane array detector enables diffraction limited mid-IR imaging of areas
as large as 340 x 340 µm. The map spectra were collected with 128-256 scans for each spectrum.

Synthesis of tert-butyl ester benzoyl peroxide (R1):
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Preparation of terephthalic acid di-tert-butyl ester (1): Pyridine (24 mL, 0.3 mol) and
tert-butyl alcohol (24 mL, 0.252 mol) were added to terephthaloyl chloride (25.6 g, 0.125 mol) in

100 mL flask through an addition funnel. Large amount of heat generated and the reaction
mixture became a solid cake in 30 minutes. After 12 hours, the reaction mixture was dissolved in
Et2O and washed by aqueous sodium bicarbonate. The organic phase was separated and dried
over MgSO4. Removal of solvents yielded 21.1g white powder. Purification by recrystallization
from ethanol gave 1 (18.9 g, 55%) as a white powder. 1H-NMR (CDCl3, ppm): δ 8.01 (m, 4H,
ArH), 1.61 (S, 9H).

Preparation of terephthalic acid mono-tert-butyl ester (2): To a warm solution of
potassium hydroxide (0.4 g, 7.2mmol) in tert-butyl alcohol (13 mL), terephthalic acid di-tertbutyl ester (10 g, 36 mmol) in tert-butyl alcohol (13 mL) was added. The reaction mixture was
subsequently heated to 60 °C and stirred for 5 hours. After cooling to room temperature, the
reaction mixture was extracted by chloroform (300 mL) and washed with 1 M HCl. The organic
phase was dried over MgSO4 and concentrated in vacuo. Purification by column chromatography
(SiO2, 39:1 with a gradient to 9:1 chloroform: methanol) gave 2 (6.2 g, 79%) as a white powder.
1

H-NMR (CDCl3, ppm): δ 10.50 (br s 1H, COOH), 8.17-8.06 (4H, ArH), 1.61 (s, 9H).

Preparation of tert-butyl ester benzoyl peroxide (R1): To a solution of terephthalic acid
mono-tert-butyl ester (2.5 g, 11 mmol) in anhydrous dichloromethane (10 mL) was added a few
drops of anhydrous DMF and oxalyl chloride (1.47 g, 11.8 mmol) at 0 °C. After 3 hours, the
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dichloromethane was removed in vacuo, and the solid was dissolved in Et2O/hexanes (20 mL,
1:1). This solution was added during a period of 30 min to a 20 mL of aqueous solution of Li2O2
(0.506 g, 11 mmol) at 0 °C. After an additional 2 hours, the reaction mixture was diluted by
addition of chloroform (100 mL) and washed by brine (2×30 mL). The organic phase was
separated and dried over MgSO4. Removal of solvents yielded a white solid (2.2 g, 85%).1HNMR (CDCl3, ppm): δ 8.12 (s, 4H, ArH), 1.61 (s, 9H, -CH3). m/z = 465.2 (M+Na+).

Synthesis of 4-tert-butoxycarbonylamino benzoyl peroxide (R2): To a mixture of DCC
dichloromethane solution (5 mL, 1M) and H2O2 aqueous solution (5mL, 30%), 4butoxycarbonylaminobenzoic acid (1.2g, 5.1 mmol) in dichloromethane was added at -10 °C
slowly. The reaction mixture was stirred at 0°C for 6 hours. The reaction was monitored by TLC.
The reaction mixture was filtered and the filter cake was washed with cold dichloromethane
several times. The filtrates were combined and the solvent was removed in vacuo. The residue
was redissolved in cold dichloromethane and the above step was repeated twice to give a white
solid (1.08g, 90%): 1H-NMR (d4-THF, ppm): 8.97 (s, 1H), 7.93 (d, 2H, ArH), 7.64 (d, 2H, ArH),
1.51 (s, 9H).

Synthesis of [(tetrahydropyran-2-yloxy)methyl] benzoic peroxide (R3):
Preparation of (tetrahydropyran-2-yloxy) methyl] benzoic acid: To a stirred solution of
methyl 4-(hydroxymethyl) benzoate (2.66 g, 16 mmol) in anhydrous dichloromethane (120 mL)
was added dihydropyran (2.0 g, 24.0 mmol) and pyridinium p-toluenesulfonate (0.40 g, 1.6
mmol). After 18 hours, the reaction mixture was diluted with ether (80 mL) and washed by brine
(2 × 30 mL). The aqueous phase was extracted with Et2O (2 × 30 mL). The combined organic
phases were dried over MgSO4 and concentrated in vacuo. Purification by column
chromatography (SiO2, 1:5 ethyl acetate: hexanes) gave methyl 4-[(tetrahydropyran-2-yloxy)
methyl] benzoate (3.8 g, 96%) as a colorless oil. 1H-NMR (CDCl3, ppm): δ 8.02 (d, 2 H, ArH),
7.38 (d, 2 H, ArH), 4.80 (d, 1 H,), 4.7-4.6 (m, 1 H), 4.53 (d, 1H), 4.0-3.7 (m, 1 H), 3.89 (s, 3 H),
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3.65-3.35 (m, 1 H), 2.0-1.4 (m, 6 H). Saponification of resulting benzoate (2.5 g, 10.0 mmol)
with potassium hydroxide (1.1g, 20 mmol) in aqueous methanol (80 mL, 1:3 water: methanol)
gave 3 (1.8g, 80%) as a white solid. 1H-NMR (d6-acetone, ppm): δ 7.98 (d, 2H, ArH), 7.43 (d, 2
H, ArH), 4.76 (d, 1 H), 4.77-4.65 (m, 1 H), 4.55 (d, 1 H), 4.0-3.7 (m, 1 H), 3.66-3.35 (m, 1 H),
2.0-1.4 (m, 6 H).

Preparation of 4-[(tetrahydropyran-2-yloxy) methyl] benzoic peroxide (R3): To a
mixture of DCC dichloromethane solution (2.1 mL, 1M) and H2O2 aqueous solution (1.3 mL,
30%) [(tetrahydropyran-2-yloxy) methyl] benzoic acid (470 mg, 2 mmol) in dichloromethane (8
mL) was added at -10°C. The reaction mixture was stirred at room temperature for 5 hours. The
reaction mixture was diluted by addition of dichloromethane (20 mL), and the precipitate was
removed via filtration. The organic phase was washed with water (30 mL), brine (30 mL) and
dried over MgSO4. Removal of solvent yielded R3 (330 mg, 70%) as a white solid. 1H-NMR
(CDCl3, ppm): δ 8.06 (d, 2H, ArH), 7.37 (d, 2 H, ArH), 4.91 (d, 1 H), 4.75-4.64 (m, 1 H), 4.59
(d, 1 H), 3.92 (m, 1 H), 3.60 (m, 1 H), 2.0-1.4 (m, 6 H).

Synthesis of 4-tert-butoxycarbonyloxy benzoyl peroxide (R4): To a mixture of DCC
dichloromethane solution (19.4 mL, 1M), H2O2 aqueous solution (10 mL, 30%), 4-tertbutoxycarbonyloxy-benzoic acid (4.57 g, 19.2 mmol) in dichloromethane (20 mL) was added at 10 °C. The reaction mixture was stirred at 0 °C for 6 hours. The reaction was monitored by TLC.
The reaction mixture was filtered and the filter cake was washed with cold dichloromethane
several times. The filtrates were combined and the solvent was evaporated. The residue was
redissolved in cold dichloromethane and the above step was repeated twice to give a white solid
(2.8, 60%): 1H-NMR (CDCl3, ppm): 8.12 (d, 2H, ArH), 7.33 (d, 2H, ArH), 1.58 (s, 9H).

Synthesis of 4-chloromethyl benzoyl peroxide (R5): To a stirred solution of 4chloromethyl-benzoic acid (4.0 g, 23.5 mmol) in anhydrous dichloromethane (20 mL) was added
oxalyl chloride (3.2 g, 25 mmol) and a few drops of DMF at 0 °C. After 2 hours, the solvent was
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removed in vacuo and the solid was dissolved in Et2O/ hexanes (40 mL, 1:1). This solution was
added during a period of 50 min to a 20 mL rapidly stirred aqueous solution of Li2O2 (1.38 g, 30
mmol) at 0 °C. After an additional 2 hours, the reaction mixture was diluted by addition of
chloroform (100 mL) and washed with water (30 mL) and brine (30 mL). The organic phase was
separated and the aqueous phase was extracted with chloroform (2 × 20 mL). The combined
organic phases were dried over MgSO4. Removal of solvent yielded R5 as a white solid (1.8 g,
45%). 1H-NMR (CDCl3, ppm): δ 8.20 (d, 2H, ArH), 7.55 (d, 2H, ArH), 4.66 (s, 2H).

Synthesis of 4-(chloro-phenyl-methyl) benzoyl peroxide (R6): To a stirred solution of 4(chloro-phenyl-methyl) benzoic acid (1.45 g, 5.9 mmol) in anhydrous dichloromethane (15 mL)
was added oxalyl chloride (0.773 g, 6.18 mmol) and a few drops of DMF at 0 °C. After 2 hours,
the solvent was removed in vacuo and the solid was dissolved in Et2O/hexanes (20 mL, 1:1).
This solution was added during a period of 30 min to a 10 mL rapidly stirred aqueous solution of
Li2O2 (0.33 g, 7.1 mmol) at 0 °C. After an additional 3 hours, the reaction mixture was diluted by
addition of chloroform (100 mL) and washed with water (30 mL) and brine (30 mL). The
organic phase was separated and the aqueous phase was extracted with chloroform (2 × 20 mL).
The combined organic phases were dried over MgSO4. Removal of solvent yielded R6 as a white
solid (650 mg, 45%). 1H-NMR (CDCl3, ppm): δ 8.15 (d, 2H, ArH), 7.75 (d, 2H, ArH), 7.35-7.51
(m, 5H, ArH), 6.70 (s, 1H).

Polymerization of vinylidene fluoride initiated by 4-(chloro-phenylmethyl)-benzoic
peroxide: 4-(Chloro-phenyl-methyl)-benzoic peroxide (200 mg, 0.408 mmol) and 30 mL
acetonitrile are added into a 70 mL Parr reactor with a magnetic stir. Vinylidene fluoride (20 mL,
13.4 g, 0.2093 mol) is transferred and condensed through high vacuum line. The reactor is
submerged in 90 °C oil bath. After 6 hours, the reaction is stopped and the residual gases are
discharged. The vinylidene fluoride polymer is precipitated by pouring the solution into
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methanol: water (1:1) at room temperature. The collected solid is washed with methanol and
dried at 60 °C in vacuo to afford vinylidene fluoride as a white powder (3.2 g).

Copolymerization of vinylidene fluoride and chlorotrifluoroethylene initiated by tert
butyl ester benzoyl peroxide: tert-Butyl ester benzoyl peroxide (200 mg, 0.452 mmol) and 30
mL acetonitrile are added into a 70 mL Parr reactor with a magnetic stir. Vinylidene fluoride
(27.5 mL, 0.29 mol) and chlorotrifluoroethylene (1.2 mL, 0.016 mol) are transferred and
condensed through a high vacuum line with a vacuum level up to 1 millitorr. The Parr reactor is
submerged in an oil bath while heating to 90oC. After maintaining the reactor at 90oC for 4
hours, the reaction is stopped and residual gases discharged. The copolymer is precipitated by
pouring the solution from the reactor into a solution of methanol: water (1:1) at room
temperature. The collected solid of P(VDF-co-CTFE) copolymer is washed with methanol and
dried at 60 °C under vacuum. It gave 4.5 g P(VDF-co-CTFE) copolymer as a white powder.

Copolymerization of vinylidene fluoride and chlorotrifluoroethylene initiated by 4-tert
butoxycarbonylamino benzoyl peroxide: 4-tert-Butoxycarbonylamino benzoyl peroxide (300
mg, 0.64 mmol) and 30 mL acetonitrile are added into a 70 mL Parr reactor with a magnetic stir.
Vinylidene fluoride (27.5 ml, 0.29 mol) and chlorotrifluoroethylene (1.2 mL, 0.016 mol) are
transferred and condensed through a high vacuum line with a vacuum level up to 1 millitorr. The
Parr reactor is submerged in an oil bath while heating to 90 oC. After maintaining the reactor at
90 oC for 4 hours, the reaction is stopped and residual gases are discharged. The P(VDF-coCTFE) copolymer is precipitated by pouring the solution from the reactor into a solution of
methanol: water (1:1) at room temperature. The collected solid of P(VDF-co-CTFE) copolymer
is washed with methanol and dried at 60 °C under vacuum. It gave 4.1 g P(VDF-co-CTFE)
copolymer as a white powder.

Synthesis of P(VDF-co-CTFE) with amino end groups: To a mixture of tertbutoxycarbonyl amino terminated P(VDF-co-CTFE) (300 mg) in anhydrous dichloromethane
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(15 mL) is added 3 drops of iodotrimethylsilane at 0°C to produce a reaction mixture. After
stirring for 3 hours, the reaction mixture is poured into methanol (20 mL) to precipitate P(VDFco-CTFE) copolymer. The copolymer was collected by filtration, washed by methanol (2 × 10

mL) and dried in vacuo at 60 °C.

Synthesis of P(VDF-co-CTFE) with hydroxyl end groups: To a mixture of THP
protected benzyl alcohol terminated P(VDF-co-CTFE) (150 mg) in THF (100 mL) is added 3M
HCl (5 mL) and acetic acid (20 mL) to produce a reaction mixture. The reaction mixture is
stirred at 60 °C for 3 hours. The reaction mixture is condensed in vacuo and poured into
methanol (50 mL) to precipitate P(VDF-co-CTFE) copolymer. The copolymer is collected by
filtration, washed by methanol (2×10 mL), and dried in vacuo at 60 °C.

Preparation of PMMA-b-PVDF-b-PMMA triblock copolymer: Benzhydryl chloride
terminated PVDF (300 mg), methylmethacrylate (1 mL, 9.4 mmol) and pentamethyldiethylenetriamine (PMDETA, 17.3 mg, 0.1 mmol) are dissolved in 5 mL anhydrous
dimethylformamide (DMF) in a two-neck round-bottom flask. Copper chloride (CuCl) (10 mg,
0.1 mmol) is added, and the resulting reaction mixture is degassed by argon with three freezepump-thaw cycles. The reaction mixture is then submerged in a 110 °C oil bath. After heating for
24 hours, the reaction mixture is poured into methanol/H2O (1:1) at room temperature to
precipitate PMMA-b-PVDF-b-PMMA triblock copolymer. The collected solid triblock
copolymer.is washed by methanol and dried in vacuo to afford a powder.

Preparation of PS-b-PVDF-b-PS triblock copolymer: Benzyl chloride terminated PVDF
(300 mg), styrene (1mL, 8.75 mmol) and pentamethyldiethylenetriamine (PMDETA, 17.3 mg,
0.1 mmol) are dissolved in 5 mL of anhydrous dimethylformamide (DMF) in a two-neck roundbottom flask. Copper chloride (CuCl) (10 mg, 0.1 mmol) is added, and the resulting reaction
mixture is degassed by argon with three freeze-pump-thaw cycles. The reaction mixture is then
submerged in a 110 °C oil bath. After heating for 24 hours, the reaction mixture is poured into
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methanol/H2O (1:1) at room temperature to precipitate PS-b-PVDF-b-PS triblock copolymer.
The collected solid PS-b-PVDF-b-PS triblock copolymer is washed by cyclohexane and dried in
vacuo.

5.5 References
1. (a) Kochervinskii, V. V. Russ. Chem. Rev. 1994, 63, 367. (b) Wegener, M.; Hesse, J.;
Richter, K.; Gerhard-Multhaupt, R. J. Appl. Phys. 2002, 92, 7442. (c) Zhang, Q. M.; Li, H.
F.; Poh, M.; Xu, H. S.; Cheng, Y.; Xia, F.; Huang, C. Nature, 2002, 419, 248. (d) Cheng, Z.
Y.; Xu, T. B.; Bharti, V.; Wang, S.; Zhang, Q. M. Appl. Phys. Lett. 1999, 74, 1901.(e) Xu,
H. S.; Cheng, Z. Y.; Olson, D.; Mai, T.; Zhang, Q. M.; Kavarnos, G. Appl. Phys. Lett. 2001,
78, 2360.

2. Kawai, H. Jpn. J. Appl. Phys. 1969, 8, 975.
3. The Application of Ferroelectric Polymers; Wang, T. T.; Herbert, J. M.; Glass, A. M. Eds.;
Blackie and Sons: London; 1988.
4. Zhang, Q. M.; Bharti, V.; Zhao, X. Science 1998, 280, 2101.
5. Xia, F.; Cheng, Z. Y.; Xu, H. S.; Li, H. F.; Zhang, Q. M.; Kavarnos, G. J.; Ting, R. Y.;
Abdul-Sedat, G.; Belfield, K. D. Adv. Mater. 2002, 14, 1574.
6. Li, Z. M.; Wang, Y. H.; Cheng, Z. Y. Appl. Phys. Lett. 2006, 88, 062904/1.
7. Chu, B.; Zhou, X.; Ren, K.; Neese, B.; Lin, M.; Wang, Q.; Bauer, F.; Zhang, Q. M. Science

2006, 313, 334.
8. Lovinger, J. Developments in Crystalline Polymers–1; Applied Science: London, 1982,
P195.
9. (a) Timmerman, R. J. J. Appl. Polym. Sci. 1962, 6, 456. (b) Görlitz, M.; Minke, R.;
Trautvetter, W.; Weisberger, G. Angew. Makromol. Chem. 1973, 29, 137. (c) Dohany, J. E.;

156
Humphrey, J. S.; Encycl. Polym. Sci. Eng. 1989, 17, 532. (d) Ameduri, B.; Boutevin, B.;
Kostov. G. Prog. Polym. Sci. 2001, 26, 105.
10. Handbook of Free Radical Initiators; Denisov, E. T.; Denisova, T. G.; Pokidova, T. S. Eds.;
Wiley: New York, 2003.
11. Khorana, H. G. Chem. Rev. 1953, 53, 145.
12. The Determination of Organic Peroxides; Johnson, R. M.; Siddiqi, I. W.; Eds.; Pergamon:
London, 1966. P15-26.
13. (a) Yagi, T.; Tatemoto, M. Polym. J. 1979, 11, 429. (b) Ferguson, C.; Brame, E. G. J. Phys.
Chem. 1979, 83, 1397. (c) Balague, J.; Ameduri, B.; Boutevin, B.; Caporiccio, G. J.
Fluorine Chem. 1995, 70, 215.

14. Russo, S.; Behari, K.; Chemgji, S.; Pianca, M.; Barchiesi, E.; Moggi, G. Polymer 1993, 34,
4777.
15. Duc, M.; Ameduri, B; Boutevin, B.; Kharroubi, M.; Sage, J. M. Macromol. Chem. Phys.

1998, 199, 1271.
16. Pianca, M.; Barchiesi, E.; Esposto, G.; Radice, S. J. Fluorine Chem. 1999, 95, 71.
17. Lu, Y.; Claude, J.; Zhang, Q. M.; Wang, Q. Macromolecules 2006, 39, 6962.
18. Protective Groups in Organic Synthesis (third edition); Green, T. W.; Wuts, P. G. Eds.; John
Wiley: New York, 1999.
19. Lott, R. S.; Chauhan, V. S.; Stammer, C. H. J.C.S. Chem. Comm. 1979, 495.
20. Nasef, M. M.; Dahlan, Z. M.; Nucl. Instr. Meth. In Phys. Res. B 2003, 201, 604.
21. (a) Wang, J.; Matyjaszewski, K. J. Am. Chem. Soc. 1995, 117, 5614. (b) Wang, J.;
Matyjaszewski, K. Macromolecules 1995, 28, 7901.
22. (a) Controlled Radical Polymerization; ACS Symposium Series 685; American Chemical
Society: Washington DC, 1998. (b) Matyjaszewski, K.; Xia, J. H. Chem. Rev 2001, 101,
2921.

157
23. Boer, B.; Stamach, U.; Hutten, P. F.; Melzer, C.; Krasnikov, V. V.; Hadziioannou, G.
Polymer 2001, 42, 9097.

24. Jol, S. M.; Lee, W. S.; Ahn, B. S.; Park, K. Y.; Kim, K. A.; Paeng, I. R. Polym. Bulle. 2000,
44, 1.

25. Matyjaszewski, K.; Wang, J. L.; Grimaud, T.; Shipp, D. A. Macromolecules 1998, 31, 1527.
26. a) Destarac, M.; Matyjaszewski, K.; Silverman, E.; Ameduri, B.; Boutevin, B.
Macromolecules 2000, 33, 4613. b) Sauguet, L.; Boyer, C.; Ameduri, B.; Boutevin, B.
Macromolecules 2006, 39, 9087. c) Zhang, M.; Russell, T. P. Macromolecules 2006, 39,

3531.

158

Chapter 6
Conclusions and Suggestions for Future Work

6.1 Summary
In this thesis, we have developed facile chemistries for the synthesis of two types of rodcoil block copolymers containing a photoactive and electroactive block, unsubstituted oligo(pphenyleneethyylene) (OPE). Compared to the previous reports, our approach has a variety of
advantages. First, the solubility problem of unsubstituted OPEs can be circumvented by the
introduced polystyrene blocks. This synthetic approach also permits the synthesis of longer
OPEs and other molecular architectures. Second, due to significant differences in structures and
solubility parameters between the highly rigid unsubstituted OPEs and flexible polystyrene, a
large χ value (the Flory-Huggins segment-segment interaction parameter) is thus expected,
which will lead to self-assembled nanostructures. Finally, without the steric repulsion from αposition substituents, the strong tendency for π-π interaction among unsubstituted OPEs
promotes the formation of parallel aligned OPE assemblies. Using the presented synthetic
strategy, a polystyrene-oligo(p-phenyleneethynylene)-polystyrene (PS-OPE-PS) coil-rod-coil
triblock copolymer with well-defined structure has been successfully synthesized by stepwise
reactions.

The

resulting

PS-OPE-PS

contains

unprecedented

long

array

of

oligophenyleneethynylene with 5 nm in length, which has never been reported yet. Due to its
unique macromolecular structure, we successfully access two different solvatochromatic shifts
by manipulating the solvent compositions. These results strongly suggests that the use of solvent
composition to influence chain conformations and thus to manipulate the packing of the
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conjugated blocks is an efficient approach for the control of the assembly of conjugated
polymers and their optical properties.
An oligo(p-phenyleneethynylene)-polystyrene-oligo(p-phenyleneethynylene) (OPE-PS-

OPE) rod-coil-rod triblock copolymer has also been prepared by a similar synthetic strategy.
Compared to PS-OPE-PS, the OPE-PS-OPE has less shielding effects from the flexible
polystyrene blocks, which allows us to further investigate the correlations between stacking of πconjugated blocks and the thin film morphology. As elucidated in TEM studies, the transitions in
aggregation morphologies of OPE-PS-OPE are found to be closely related to the initial
concentration of the polymer. The OPE-PS-OPE was observed to self-organize into vesicle,
spherical, onion and rodlike micelles, respectively. This remarkable self-assembly was achieved
simply by the direct dissolution of the block copolymer OPE-PS-OPE in toluene, which has not
observed from other PPE-type copolymers before. The evidence obtained suggests that one can
exercise control over conjugated polymer morphologies through the interplay between
nonspecific interactions, i.e. demixing of rigid and flexible polymer chains, and self-organization
driven by specific attractive forces, such as aromatic π-stacking and hydrogen bonding. The
study of the formation of multiple phase behavior within a single structure is interesting because
it may provide unprecedented insights into the factors controlling the self-assembling
architecture of conjugated block copolymers. It also allows for the study of electronic and optical
property correlations as a function of molecular and supramolecular structures.
Furthermore, the synthesis of block copolymers containing photoactive and electroactive
blocks was extended to the preparation of a fully conjugated diblock copolymer. A novel
difunctional monomer (5’-brome-4, 4’-dinonyl-5-tributylstannayl-2, 2’ bithiazole) has been
designed and synthesized, which was subsequently used for the preparation of the endfunctionalized telechelic poly(5, 5’-(4, 4’-dinonyl-2, 2’-bithizaole), an electron acceptor polymer,
via the Stille coupling reaction. The end-functionalized telechelic poly(3-hexylthiophene), an
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electron donor polymer, has also been prepared through a nickel-complex-catalyzed
(Ni(dppp)Cl2) reaction. The chain end-groups of both conjugated polymers have been confirmed
by 1H-NMR and MALDI-TOF, respectively. Direct coupling of two end-functionalized πconjugated polymers produces a fully conjugated diblock copolymer with both electron-donor
(P-type) and electron-acceptor (N-type) segments, which has potential applications in organic
solar cells.
Finally, a family of novel functional benzoyl peroxides has been developed and used as
the initiators for preparation of electroactive telechelic fluoropolymers. Remarkably, the
resulting poly(vinylidene fluoride)-based ferroelectric fluoropolymers contain a variety of welldefined end-groups, such as carboxylic acid, amine, phenol and hydroxyl groups, which can be
used as building blocks for the construction of multiple block copolymers with novel
macromolecular architectures. It has been demonstrated that a combination of free radical
polymerization using functional benzoyl peroxides and subsequent atom transfer free radical
polymerization is an effective approach for the synthesis of the triblock copolymers containing
PVDF segments.

6.2 Suggestions for Future Work
In this thesis, we have focused on the development of synthetic chemistry for the
synthesis of block copolymers containing photoactive and electroactive blocks and investigating
their self-assembly behaviors. We have demonstrated that the use of selective solvents to
influence chain conformations and therefore to tune the packing of the conjugated blocks can be
used for control of the assembly behaviors of conjugated polymers and their optical properties.
In the next step, it would be very interesting to extend this investigation to the study of electronic
properties of those self-assembled PS-OPE-PS and OPE-PS-OPE in the solid state. An
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improved understanding of the correlation between nanoscale morphologies, such as lamella,
spherical, cylindrical and vesicular structures, and macroscopic electronic properties is a
prerequisite for the utilization of these materials for future applications in solar cells and organic
light-emitting diodes. For this purpose, the design and synthesis of new block copolymers
containing π-conjugated blocks with high conductivity, such as oligothiophene and oligoaniline,
might be required.
Although we successfully synthesized a P-N type diblock copolymer, PNBT-b-P3HT, it
was found that the processability of the resulting copolymer was not good enough to fabricate
desirable thin film for photovoltaic measurements. The PNBT-b-P3HT film appears crystalline
and discontinuous, which is probably due to its low molecular weight and short side chain. To
improve the processability, longer side groups, such as octyl or decyl group, can be incorporated
into the P3HT block. On the other hand, the coupling of PNBT and P3HT with higher molecular
weights will also help achieve desirable processability of the resulting diblock copolymer. Future
studies on morphology vs. photovoltaic property correlation of the P-N diblock copolymer will
provide more valuable information on how nanoscale morphology affects the final physical
properties, which will not be achievable in simple physical blends of polymers.
It would also be very interesting to extend our synthesis of telechelic fluoropolymers to
poly(VDF-ter-CTFE-ter-TrFE) terpolymers, which possess high dielectric constant, low
dielectric loss and large electromechanical response. The introduced functional end group at the
polymer chain ends will lead not only to the improvement of their properties such as mechanical
strength, adhesion, miscibility, compatibility and curability, but also to new reactive sites for
further polymer modifications. In order to synthesize the telechelic terpolymers by using the
functional benzoyl peroxides, a systematic study is needed to achieve precise control of the
terpolymer composition, molecular weight and end functionality. The electronic properties of the
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prepared telechelic terpolymers need to be studied. Such telechelic terpolymers can be very
useful in the preparation of crosslinked structures and dispersion of inorganic nanoparticles.
In this thesis, we also present a generic methodology to prepare PVDF-based multiple
block copolymers, such as PS-b-PVDF-b-PS and PMMA-b-PVDF-b-PMMA. For future work,
the catalytic system needs to be optimized to achieve better controlled ATRP process. Kinetic
study is required to enhance the mechanistic understanding of living characteristics of ATRP. In
addition, using other monomers, such as acrylonitrile, (meth) acrylamides and (meth) acrylic
acids, will be very interesting, because it might lead to the discovery of new PVDF-based block
copolymers. Furthermore, the sulfonation of polystyrene (PS) blocks in the PS-b-PVDF-b-PS
will produce a novel proton conductive material: SPS-b-PVDF-b-SPS. The systematic study on
the influence of sulfonation levels and thin film morphology on proton conductivity will provide
more insights into the proton conduction mechanism and better understanding of structural
dynamics.
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