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This dissertation is focused on the design, synthesis, photophysical characterization and
application of conjugated polyelectrolytes (CPE)s including anionic meta-linked poly(phenylene
ethynylene)s (PPEs) such as mPPESO3 and mPPE-SO3-py, and cationic PPEs featuring
quaternary ammonium side groups. We also introduce the synthesis and characterization of PPEbased polyampholytes bearing both anionic and cationic side groups.
First, we have investigated the application of mPPESO3 for sensing of protease activity
based on the amplified fluorescence quenching of the polymer. Since the polymer is folded into a
helix in water, we have studied a mechanism for the interaction between the polymer and
cationic intercalator quenchers. In this study, Re(dppz)-biotin and biocytin-TMR have been used
as biotin-functionalized quenchers. The polymer fluorescence is quenched by both quenchers;
however, addition of the target protein avidin does not recover the fluorescence from the
quenched polymer. We also found that pre-formed avidin-quencher complexes less efficiently
quench the polymer fluorescence compared to the only quenchers.
Second, a PPE featuring meta-linked pyridine rings on the polymer backbone (mPPE-SO3py) was designed and synthesized. The polymer is shown to undergo a conformational change
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from a random-coil to a helix by solvent polarity, protonation and metal complexation. The
polymer also shows high sensitivity and selectivity for the Pd2+ ion.
Third, a series of cationic CPEs with quaternary ammonium side groups has been
synthesized and examined their biocidal activity. The photophysical studies in solution shows
that direct excitation of the polymers produces a triplet state, sensitizing effectively singlet
oxygen generation. Therefore, the polymer effectively kills bacteria such as Cobetia marina and
Pseudomonas aeruginosa.
Finally, a series of new conjugated polyampholytes containing both anionic and cationic
side groups has successfully synthesized. These polymers show different behavior depending on
the nature of ionic groups, the ratio of anionic to cationic groups, and pH. The polymer with 1:1
ratio of ammonium to sulfonate groups shows very low solubility in water and organic solvents;
however, when the ratio is smaller, the polymers behave like CPEs. The polyampholyte bearing
carboxyl and ammonium side groups shows pH- dependent photophysical changes.
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CHAPTER 1
INTRODUCTION
Conjugated Polyelectrolytes
Conjugated polymers (CPs) are organic semiconducting polymers containing a base
structure of alternating single and double/triple bonds. Since Shirakawa, MacDiarmid and
Heeger discovered the electrically conducting polymer, polyacetylene doped with halogen in
1977,1 much effort has been directed to a variety of other CPs with different backbone structures
based on aromatic, heteroaromatic, vinylic or acetylenic π-systems including poly(paraphenylene) (PPP)2, polyfluorene (PF),3 polypyrrole (PPy),4 polythiophene (PT),5 polyaniline
(PANI),6 poly(phenylene ethynylene) (PPE),7 poly(phenylene vinylene) (PPV)8 as shown in
Figure 1-1. In the past three decades, the CPs have been important materials for applications in
light-emitting diodes (LEDs),8 light-emitting electrochemical cells (LECs),9 plastic lasers,10
solar cells,11 field-effect transistors (FETs),12 and sensors.13, 14 Each class of CP is prepared by its
own synthetic methodology. Metal-catalyzed reaction has been widely used for synthesis of CPs,
including PPPs by the Suzuki, Stille and Yamamoto coupling reaction;15 PPVs by the

Figure 1-1. Structures of some classes of conjugated polymers.
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Wittig-Horner and Heck reactions, or the Gilch and Wessling routes; 16 and PPEs by the
Sonogashira coupling and alkyne methathesis reactions.7, 17 The various palladium-catalyzed
coupling methods such as Suzuki, Stille, Heck and Sonogashira allow mild reaction conditions,
wide functional group tolerance, and flexibility of solvent used for the polymerization.
These methods are also used for the synthesis of CPs featuring ionic side groups which
make the CPs soluble in water and other polar solvents.18, 19 Shi and Wudl reported the synthesis
of water soluble PPV.20 The synthesis of water soluble PPP was reported by Wallow and
Novak.21 These early reports were important initial contribution to this area. In the decade,
several synthetic methods have been developed, resulting in structurally diverse of conjugated
polyelectrolytes (CPEs). Most CPEs contain PPV, PPP or PPE backbone with ionic functional
groups such as sulfonate (SO3-), carboxylate (CO2-), phosphate (PO42-) and ammonium (NR3+)
(Figure 1-2). In addition, CPEs feature strong light absorption and strong fluorescence in
solution and in solid state.
Amplified Fluorescence Quenching of Conjugated Polyelectrolytes
Fluorescence Quenching
Recently CPEs have been studied for application in chemo- and biosensors13, 22-28 because
of their amplified quenching by oppositely charged small molecules. Before we present the
details of amplified quenching of CPEs, it is necessary to provide a brief overview of
photophysical processes which occurs between the absorption and emission of light. These
processes can be illustrated with a Jablonski Diagram (Figure 1-3). Following light absorption,
molecules are excited from singlet ground state of S0 to singlet excited state of S1, or higher
levels of S2 or S3. Molecules relax from higher vibrational level of S2 to the lowest energy level
of S0 and this is called internal conversion. This process generally occurs within 10-12 s or less,
which is much less than fluorescence lifetime. Therefore, fluorescence emission generally arises
19

Figure 1-2. Structures of conjugated polyelectolytes (CPEs).

Figure 1-3. Jablonski diagram. Figure was taken from ref. 29.
from the lowest energy vibrational level of S1. Besides fluorescence emission, excited molecule
is returned to ground state S0 from the excited state by various competing pathways, including
non- radiative decay to release heat and intersystem crossing to a triplet state T1. Emission from
T1 is termed phosphorescence. Fluorescence quenching is another important competing process,
in which the intensity of fluorescence is decreased by either collision quenching (Eq. 1-1) or
static quenching (Eq. 1-2).29 In Eq. 1-1 and 1-2, F* is an excited-state fluorophore, Q is a
quencher, kq is the bimolecular quenching rate constant and Ka is the association constant for
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(1-1)

(1-2)
formation of the ground-state complex [F, Q]. Collision quenching, which is also called dynamic
quenching, occurs when the excited state fluorophores contact with quenchers to deactivate and
return to the ground state S0 without fluorescence emission. Static quenching occurs when a nonfluorescent ground state complex is formed between a fluorophore and a quencher. When this
complex absorbs light, it immediately returns to the ground state without fluorescence emission.
Both dynamic quenching and static quenching are described by Stern-Volmer (SV) equation:
⁄

1

(1-3)

SV

where I0 and I are the fluorescence intensities in the absence and presence of a quencher,
respectively, [Q] is the quencher concentration and KSV is the Stern-Volmer quenching constant.
When the quenching is dominated by a dynamic process, KSV = kqτ0, where τ0 is the fluorescence
lifetime of F*; however, when a static quenching is dominant, KSV = Ka. The dependence of
dynamic and static quenching on temperature and viscosity, or lifetime measurement can be used
to distinguish between these two quenching mechanisms (Figure 1-4). At higher temperature
diffusion is faster, and hence a larger amount of collision quenching occurs whereas weakly
bound complex is dissociated, and hence a smaller amount of static quenching occurs. For static
quenching τ0/τ =1. In contrast, for dynamic quenching F0/F = τ0/τ, where F0 and F are the
fluorescence intensities in the absence and presence of quencher, respectively. Linear SV plots of
I0/I vs [Q] are observed when quenching is dominated by either purely static or dynamic
pathways. However, SV plots are curved upward in many situations due to various processes
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including mixed static and dynamic quenching, variation in the association constant with
quencher concentration and chromophore (or polymer) aggregation.
Amplified Quenching
Amplified quenching was first investigated by Swager and co-workers.30, 31 They observed
amplified fluorescence quenching in a neutral, organic soluble poly(phenylene ethylene) (PPE)
functionalized with cyclophane receptors, which form complexes with N,N´-dimethyl-4,4´bipyridium (MV2+), resulting in fluorescence quenching. This study also showed that the

Figure 1-4. Comparison of dynamic and static quenching. Figure was taken from ref. 29.

Figure 1-5. Structures of conjugated polymer, monomer and quencher (MV2+) used by Swager’s
group.
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Figure 1-7. Stern–Volmer plots of polyfluorene (1.0 × 10-6M in monomer repeat units)
quenching by 5-nm gold nanoparticles. (Inset) Linear range in the low quencher
concentration regime. Figure was taken from Fan et. al.34
Aggregation of Conjugated Polyelectrolytes
It is well known that amphiphilic polymers self-assemble into various supramolecular
architectures including micelles, vesicles and liquid-crystalline phases.39, 40 The amphiphilic
characteristics of CPEs also make them self-assemble into supramolecular aggregates. When
CPEs exist in solution in a non-aggregated state, their photophysical properties are similar to
those of a neutral analog dissolved in a non-polar organic solvent. For example, Reynolds and
co-workers reported that sulfonated PPE-type CPE PPP-OPSO3 (Figure 1-8) in a dilute aqueous
solution displays a fluorescence maximum of 410 nm and quantum yield of 0.60.41 These values
are similar to the fluorescence maximum of 406 nm and quantum yield of 0.70 of structurally
analogous, neutral PPP with alkyloxy side group, PPP-OR11 (Figure 1-8) in chloroform.42 On
the other hand, the aggregation of CPEs in aqueous solution strongly influences the
photophysical properties of the polymers. For example, Whitten and co-workers reported that
sulfonated PPV (MPS-PPV) (Figure 1-8) exhibits a fluorescence maximum that is relatively red24

shifted and has a significantly decreased fluorescence quantum yield compared to the neutral
analog MEH-PPV (Figure 1-8) in solution.22, 43 These changes arise due to inter-chain
aggregation, producing eximer-like states.

Figure 1-8. Structures of a PPP-type CPE, a PPV-type CPE, and their neutral analogous
polymers.
Previously, our group reported that the solvent dependence of the absorption and
fluorescence spectra of PPE-type of CPE, PPE-SO3 (Figure 1-9).36 As shown in Figure 1-10, as
the amount of water increases, the absorption red-shifts and narrows. The fluorescence red-shifts
and broadens, and the fluorescence quantum yield decreases with increasing water content. All
of these features provide clear evidence that PPE-SO3 aggregates in water, while it exits in a
non-aggregated state in methanol. Specifically, the absorption changes are consistent with
increased structural order and conjugation length in the PPE backbone. The red-shifted and broad
fluorescence band is attributed to the formation of an excimer-like state, which arises from interchain π-π stacks. In aggregated polymer, the chains align with their long axis parallel and the
phenylene rings in each chain must be nearly co-planar to optimize hydrophobic interactions and
π-π stacking (Figure 1-11).
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Synthetic Helical Conjugated Polyelectrolytes
History of Helical Polymers
Biopolymers such as proteins and nucleic acids fold into well-defined three-dimensional
structures in solution. Synthetic helical polymers have been of interest for understanding the
mechanism for helix formation in biopolymers.39, 44 Synthetic helical polymers also have been
attractive because of their potential applications including molecular recognition, a molecular
scaffold function for controlled special alignment of functional groups or chromophores, and
ordered molecular alignment in the solid phase such as that in liquid crystalline materials.44 The
history of helical polymers goes back to the finding of the conformation of same natural
polymers.
Among the helical polymers, π-conjugated materials have been of interest because they are
potentially useful in areas such as polarization-sensitive electro-optical materials, asymmetric
electro-synthesis, nonlinear optics, polarized photo- and electroluminescence and enantioslective
sensing.45 The materials feature primary structures that allow folding of backbones into a helical
secondary structure. Optically active polyacetylenes with chiral side groups are an early example
of this class of materials.46 Since the first report of such polyacetylenes, a variety of
monosubstituted47-50 and disubstituted51-54 diacetylenes were synthesized from the monomers
with chiral side groups. Yashima et. al. found that polyacetylenes bearing achiral side groups
exhibit induced optical activity by interaction with chiral molecules that selectively binds to one
form of the helix.48, 55 In addition to polyacetylenes, various conjugated polymers have been
reported to form helical conformation in poor solvents or in the solid state. The helical polymers
includes oligo- and polythiophenes,56-60 oligo- and polyfluorenes,61-63 poly(p-phenylene)s,64, 65
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polycarbazoles,66 poly(p-phenylene ethylene)s,67-70 and poly(p-phenylene vinylene)s71-73 with
optically active side groups.
Self-Assembly of Meta-Linked Phenylene Ethynylenes: Helical Folding
Moore and co-workers demonstrated that meta-linked oligo(phenylene ethylene)s (OPEs)
with longer chains than 8 monomer units fold into a helical conformation in a polar solvent such
as acetonitrile .74 However, the oligomers exist in an expanded form in a non-polar solvent such
as chloroform. This helical conformation is thermodynamically driven by solvophobic
effects. 74, 75 Figure 1-12 shows the structures of OPEs and a space-filling model of the extended
coil form of OPEs in chloroform and a helical conformation in acetonitrile. Their folding process
was studied using 1H NMR, UV absorption and fluorescence spectra.74, 75 When the percent of
acetonitrile in chloroform (by volume) is increased, the polar side chains are extended to the
environment and the non-polar backbone folds into a helical conformation, which is stabilized by
the π-π stacking interactions between the phenyl rings. The folded conformation of OPEs also
create a tubular cavity, which acts as a host to recognize different chiral compounds (Figure 113).76 Reversible 1:1 association of chiral guests to folded OPEs induces circular dichroism (CD)

Figure 1-12. Structures of OPEs studied by Moore’s group and a space-filling model showing
the conformationalequilibrium for OPE of length n = 18. Side chains are not shown
for clarity. Figure was takenfrom Prince et.al. 75
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signal in UV regions where the polymer absorbs light. This probes the interaction of a chiral
molecule with a achiral OPE resulting in induced chirality on OPEs.
Tew and co-workers observed a helical conformation for amphiphilic meta-linked
poly(phenylene ethylene)s (mPPEs) containing ionic side groups in 90 % H2O/DMSO solution
(Figure 1-14).77 mPPE bearing long alkyl chains self-assemble into ordered bilayers. The mPPE
is too large for interior cavity formed by the helix; therefore it cannot adopt a helical
conformation. In contrast, mPPE bearing no alkyl chains shows similar changes in absorption
and fluorescence spectra as spectra obtained by Moore and co-workers, suggesting that this
mPPE folds into a helical conformation in 90 % H2O/DMSO.

Figure 1-13. Postulated association equilibrium between OPEs and chiral molecules. Figure was
taken from Prince et.al.76

Figure 1-14. Structures of amphiphilic mPPEs studied by Tew’s group.77
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stacking interactions in the helical conformation. The changes in fluorescence spectrum provide
additional evidence for the solvent-induced transition of mPPEs. With the increase of water
amount, the intensity of the structured near-UV emission decreases and it is replaced with a less
intense, broad, structureless and red-shifted emission. The broad and structureless “excimer-like”
emission band arises due to π-stacking interactions in the folded, helical conformation of mPPEs.
Given this structural similarity between double-helical DNA and helical conformation of our
anionic mPPEs (i.e. both are helical polyanions which contains aromatic units that are π-stacked
along the helical axis), small molecule DNA intercalators were expected to interact in a similar
manner with mPPEs. A well-known example of intercalative binding to DNA is the metal
complex [Ru(bpy)2(dppz)]2+, where bpy = 2,2′-bipyridine and dppz = dipyrido[3,2-a:2′,3′c]phenazine. This complex has been of particular interest due to the “light-switch effect”. It is
non-luminescent in water; however, it shows strong photoluminescence when it is bound with
DNA via intercalation of the dppz ligand.81, 82 The luminescence quenching is believed to arise
due to H-bond interactions between water and nitrogen on the phenazine ring, resulting in rapid
non-radiative decay of 3MLCT.79 However, the dppz ligand is shielded from the water when the
complex is intercalated, and hence the complex displays strong luminescence. Interestingly, the
interaction between the Ru complex and mPPEs also shows the “light-switch effect”. As shown
in Figure 1-17, in water [Ru(bpy)2(dppz)]2+ is non-emissive; however, the 3MLCT emission from
the complex increases upon addition of mPPEs. The emission from [Ru(bpy)2(dppz)]2+ saturates
when a ratio of polymer concentration (in polymer repeat units, PRU) per [Ru(bpy)2(dppz)]2+ is
approximately 6:1. This suggests that the intercalated Ru complex occupies a “binding site”
corresponding to one turn of the mPPE helix (there are 6 PRUs per turn).
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Circular dichroism (CD) is the most useful technique to study chiral structures. Either an
enantiomeric excess of chiral molecules or the existence of a chiral environment is required for a
CD signal. When achiral oligomers or polymers fold into a helical structure, racemic mixtures of
the right- and left-handed forms (P and M forms, respectively) would be expected; therefore, CD
signal cannot be observed. To provide a clear probe of the solvent effect on the folding process
using CD spectroscopy, chirality is introduced to achiral oligomers or polymers by interacting
with chiral molecules. Previously, Moore and co-workers used CD to explain the helical
conformation of meta-linked OPEs where chiral guest molecules added to the achiral OPEs or
chiral groups incorporated into conjugated oligomer backbones to produce an enantiomeric
excess in the helical conformation.76 In our previous studies, a small chiral molecule (-)-α-pinene

Figure 1-17. Emission spectra of [Ru(bpy)2(dppz)]2+ (15 µM), in absence (solid black line) and
presence of mPPE-Ala (0 -120 µM polymer repeat units). The inset illustrates the
[Ru(bpy)2(dppz)]2+ emission intensity with increasing the concentration of mPPEAla. Figure was taken from Zhao et. al.80
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interacts with our two polymers mPPESO3 and mPPECO2 resulting in CD signals.78 For mPPEAla with chiral and optical active sidechains, a strong bisignate CD spectrum was observed
because the alanine side chain induces an enantiomeric excess in the M-form of the helical
conformation (Figure 1-18).
We also examined the effect of helical conformation on the amplified quenching in mPPESO3. N,N´-dimethyl-4,4´-bipyridium (MV2+) was added to the random-coil and helical
conformation of the polymer. Interestingly, the random-coil conformation of mPPESO3 is
quenched less strongly than the helical conformation of the polymer at any given [MV2+] (Figure
1-19). This effect might be explained by two factors. The first one is an increased “exciton
length” in the helical conformation due to delocalization between π-stacked segments. The
second one is the fact that MV2+ quencher can interact with a large fraction of the chain when it
is folded into the helical conformation.79

Figure 1-18. Circular dichroism spectra of mPPE-Ala in methanol, water and methanol/water
mixtures. Figure was taken from Zhao et. al.80
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Figure 1-19. Emission quenching of mPPESO3by MV2+ in a 7:3 methanol/water mixture.
Arrows show how the intensity changes with increasing [MV2+]. The inset shows the
Stern-Volmer plots of random-coil state and helix using emission intensities at 363
nm and 445 nm. Figure was taken from Tan et. al.79
Application of Conjugated Polyelectrolytes
Optical Sensors
One of the most exciting applications of CPEs is highly sensitive fluorescence-based
sensors for chemical and biological targets due to amplified quenching by small molecules with
opposite charge.14 CPEs have been used as sensors in different formats, including homogeneous
aqueous solution,83 glass-slide supported CPEs84 and particle supported CPEs.26 In most of the
CPE-based sensors, fluorescence is either enhanced (“turn-on” approach) or quenched (“turnoff” approach) by interacting with targets. Both approaches are based on three mechanisms:
superquenching, fluorescence resonance energy transfer (FRET) and conformation change.
Superquenching mechanism
In the superquenching strategy, a quencher-tether-ligand (QTL) complex is synthesized by
combining a quencher to biologically interesting ligands. A fluorescence response is produced
when the ligands bind to their specific targets. Whitten and co-workers reported the first example
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of CPE-based sensor using QTL systems.22 They covalently linked MV2+ to a biotin molecule by
a short but flexible tether. Biotin has been well-known as an excellent receptor for biotin-binding
proteins such as avidin and streptavidin. Addition of biotin-methyl viologen (B-MV) to MPSPPV (Figure 1-8) results in quenching of the polymer fluorescence. The quenched fluorescence
is recovered by adding avidin through avidin-biotin complex formation (Figure 1-20). Based on
the QTL systems, Whitten and co-workers also developed CPE-coated particles to detect
enzymatic activity and DNA hybridization.26

Figure 1-20. Detection of avidin using CPE based on the superquenching mechanism. Figure
was taken from Chen et. al.22
Fluorescence resonance energy transfer (FRET) mechanism
FRET is the non-radiative transfer of photon energy from an excited fluorophore (donor) to
another fluorophore (acceptor) via dipole-dipole interaction. The FRET efficiency depends on
the distance and orientation of the donor and acceptor, and the overlap between the emission of
the donor and the absorption of the acceptor. CPEs have been used as light harvesting molecules
that transfer excitations to signaling fluorophores attached to biomolecular probes, therefore
providing enhanced signal intensities and sensitivities. Specific examples of FRET-based sensors
were reported by Bazan and co-workers.24, 83 Cationic CPEs based on polyfluorene (PF) (Figure
1-21) were used for the detection of DNA. These CPEs display relatively high fluorescence
quantum yields in aqueous solution compared to other CPEs, therefore increasing sensitivity.
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Figure 1-21. Structures of CPEs studied by Bazan and co-workers.
Figure 1-22 shows a schematic representation of a sensing system based on FRET. This
system contains PF1 and a peptide nucleic acid (PNA) strand labeled with fluorescein (C*) as a
probe. Since PNA-C* is neutral, there is no electrostatic interaction between the PF1 and PNAC*, and the distance between them is too large for effective FRET. Upon addition of
complementary ssDNA into the solution of PNA-C*/PF1, PNA hybridized with ssDNA (shown
in red). The hybridization provides a hybrid complex bearing C*with negative charges, resulting
in formation of complex between PF1 and the hybrid complex via electrostatic interaction.

Figure 1-22. Schematic representation for the use of PF1/PNA-C* to detect a complementary
ssDNA. Figure was taken from Gaylord et. al.24
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The distance between PF1 and PNA-C* decreases allowing for efficient FRET. When
noncomplementary ssDNA is added, hybridization does not occur and the distance between PF1
and PNA-C* remains too large for FRET. The enhanced emission of fluorescein (C*) provides a
probe for the presence of a target ssDNA.
Conformation change
This sensing mechanism is based on conformational change of the conjugated polymer
backbone upon complexation with different analytes, inducing chromic changes, both in the
absorption and fluorescence of CPEs. Water soluble poly(thiophene)s have been the most
commonly used (Figure 1-23).85-88 Leclerc and co-workers reported the detection of ssDNA
sequences using cationic poly(thiophene), PT2.85, 86 This sensing system is based on different
electrostatic interactions and conformational structures between electroactive and photoactive
cationic poly(thiophene) derivatives, and single-stranded oligonucleotides or double-stranded
(hybridized) nucleic acids. PT2 exist as a randon coil conformation before addition of ssDNA
(Figure 1-24). Addition of ssDNA forms an electrostatic complex, called duplex between the
PT2 and ssDNA, where PT2 exists as a highly conjugated, planar conformation. When a
complementary ssDNA is added to the duplex solution, triplex form is observed and it displays

Figure 1-23. Structures of poly(thiophene) derivatives used in CPE-based sensor via
conformational change mechanism.
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less conjugated non-planar conformation. Depending on the conformational change, PT2 shows
different absorption and fluorescence spectra. By monitoring changes in photophysical properties
of the polymer, ssDNA sequences can be detected.

Figure 1-24. Schematic illustration for the detection of ssDNA sequences using poly(thiophene).
Figure was taken from Ho et.al.86
Biocidal Activity
Whitten and co-workers reported that a cationic CPE (Figure 1-25) shows light-induced
biocidal activity against Gram negative bacteria (Escherichia coli, E. coli, BL 21) and Gram
positive bacterial spores (Bacillus anthracis, Sterne, B. anthracis, Sterne).89 Phase contrast and
fluorescence microscopy indicates that polymer is taken up by both microorganisms, and
polymer coated on either bacteria or spores displays strong fluorescence (Figure 1-26).
Incubation of bacteria with the polymer under the light shows reduction of bacterial survival.
The biocidal activity arises due to the association of the polymers with the cell surface of the
bacteria and light-induced activation of the cell surface coated polymer.
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Figure 1-25. Structure of cationic CPE used by the Whitten group.

Figure 1-26. Phase contrast and fluorescence microscope images of CPE-treated E. coli (upper
panel) and CPE-treated B. anthracis Stern spores (lower panel). Figure was taken
from Lu et.al.89
Scope of the Present Study
The aim of the present study is the synthesis of poly(arylene ethynylene) conjugated
polyelectrolytes with different chemical structures, the investigation of their photophysical
properties in solution, and their application to sensors and antimicrobials.
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Chapter 2 describes a fluorescent assay for the detection of enzymes using mPPESO3.
The assay is based on the quenching mechanism. Quencher-tether-ligand (QTL) system is added
to the CPE, resulting in fluorescence quenching. The fluorescence is recovered by addition of
target enzymes or carbohydrates.
Chapter 3 and 4 are focused on fundamental understanding of the mechanism of amplified
quenching in helical conformational mPPESO3 with cationic intercalator quenchers. Both
quenchers are functionalized with biotin ligands, which form strong complexes with proteins
such as avidin and streptavidin.
We have also been interested in helical structured CPEs in aqueous solution. In Chapter 5,
a meta-linked CPE containg pyridine was synthesized. The self-assembly behavior in solution
was studied using absorption and emission spectroscopy. The helical structure of the polymer
was confirmed by the titration experiment using [Ru(bpy)2(dppz)]2+ and the polymer. Quenching
experiments were carried out using various metals.
In Chapter 6, a series of cationic CPEs with backbones based on a poly (arylene
ethynylene) repeat unit and tetraalkylammonium side groups were designed and synthesized.
Their photophysical properties were studied in solution. We investigated the biocidal activity of
the cationic CPEs and the mechanism for the light induced bacterial killing by the CPEs.
In Chapter 7, we synthesized conjugated polyampholytes carrying both cationic and
anionic groups. Their photophysical properties and quenching behaviors were studied in solution.
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CHAPTER 2
SENSING OF PROTEASE ACTIVITY USING META-LINKED POLY (PHENYLENE
ETHYNYLENE) SULFONATE
Introduction
Enzymes are important targets for the screening of noxious toxins and pathologies
associated with their presence, and for the development of effective and selective therapeutics.
Proteases90, 91 are specially relevant because they conduct proteolysis, which is the final step in
the expression of the activity of a variety of proteins.92
Colorimetric and fluorescence-based homogeneous method assays have been validated for
a variety of proteases.93 These assays are based on the development of color or fluorescence in
solution as a result of substrate hydrolysis. Although the methods have been commonly used,
their sensitivity is limited to micromolar or submicromolar range, and hence it is difficult to
measure the initial rates at ultralow substrate concentrations or at low enzyme activity.
To improve sensitivity in proteolytic enzyme assays, CPE-based enzyme assays have been
reported.94, 95 Incorporation of CPEs into assays leads to amplification of sensory response. The
strategy using CPEs also contains an enzyme-cleavable peptide substrate covalently bound to a
quencher (an electron and/ or energy acceptor) that associates with CPEs due to electrostatic
interaction, leading to fluorescence quenching of the CPEs. In the presence of enzyme, the
substrate is cleaved and the uncharged quencher is released from CPEs, turning on the
fluorescence of CPEs (“turn-on” mechanism) (Figure 2-1). For example, Pinto and co-workers
used a cationic peptide labeled with a p-nitroanilide (p-NA) unit and anionic PPESO3 (Figure 22). The p-NA moiety strongly quenches CPE fluorescence via electrostatic interaction between
them. Addition of protease induces the hydrolysis of the p-NA group, which is neutral and its
quenching ability is eliminated. Pinto and co-workers also reported a fluorescence “turn-off”
assay to monitor protease activity. In the turn-off assay, the bis-Arg derivative of Rhodamine 110
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is observed with K-pNA. Introduction of peptidase reverses the fluorescence quenching
concomitant with peptide hydrolysis. To investigate the effect of helical structure on the polymer
fluorescence quenching Stern-Volmer quenching constants of helical mPPESO3 by K-pNA are
compared with those of linear PPESO3 in buffer solutions of varying concentration. mPPESO3
displays more efficient quenching than PPESO3. Additionally, the less effect of concentrated
buffer on the fluorescence quenching is observed in mPPESO3 compared to PPESO3.
Results and Discussion
Overview of Protease Turn-on Assay
A fluorescence turn-on sensor was investigated to monitor enzyme activity with mPPESO3
and a cationic peptide labeled with p-nitroanilide (p-NA) unit (Figure 2-3). mPPESO3 is an
anionic meta-linked poly(phenylene ethylene) (PPE) featuring sulfonate side chains. In aqueous
solution, the polymer absorbs at λmax =320 nm and it exhibits an intense fluorescence at λmax =
450 nm. The p-NA moiety strongly quenches the polymer fluorescence because the cationic
peptide ion-pairs with the anionic polymer. In this investigation, L-Lys-p-nitroanilide
dihydrobromide (K-pNA) is chosen as an enzyme substrate, which contains a cationic amino
acid residue, lysine. The amplified quenching of the polymer fluorescence is recovered by the
addition of peptidase. Upon introduction of peptidase to a mixture of the p-NA peptide and
mPPESO3 hydrolysis of the p-NA group is induced. Since the cleaved p-NA group is not
charged, its quenching ability is eliminated. Therefore, quenching reversal is observed with the
peptide hydrolysis.
Peptidase Activity Sensing
As shown in Figure 2-4, fluorescence spectral changes are observed after addition of KpNA and peptidase, respectively. The initial fluorescence from 15 μM of mPPESO3 (black
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Figure 2-3. (a) Structures for a polymer and a quencher substrate. (b) Mechanism of the “turnon” mPPESO3-based sensor.

Figure 2-4. Fluorescence spectroscopic changes observed during turn-on assay. Initial
fluorescence of mPPESO3 (15 μM) (−) in phosphate buffer solution (1.0 mM, pH
7.1); fluorescence after addition of 2 μM of K-pNA (···). Fluorescence intensity of as
a function of time after addition of peptidase (0.13 mg / mL): 5 (---), 20 (-··-), 40 (−
−), 60 (-·-·-) min. λex = 320 nm.
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solid line) is quenched up to ~ 90 % by 2 μM of K-pNA (red dotted line). After addition of 0.13
mg/ mL of peptidase to the quenched polymer solution, the hydrolysis of K-pNA is detected by
an increase in fluorescence intensity as a function of incubation time. Approximately 45 % of the
initial intensity of mPPESO3 is recovered. The fluorescence of mPPESO3 is not completely
recovered by addition of peptidase due to nonspecific interaction of peptidase with the polymer.
This can be supported by the observation, that addition of peptidase lowers the initial
fluorescence from the polymer by ~ 45 %.
Addition of peptidase to a mixture of the polymer and K-pNA induces hydrolysis of pNAgroups. The quenching efficiency of p-nitroaniline is determined by Stern-Volmer quenching
experiments and then compared with the quenching efficiency of K-pNA. To obtain the same
extent of quenching by K-pNA, much higher concentration of p-nitroaniline is required as shown
in Figure 2-5. Therefore, the quenching ability of the hydrolyzed p-NA group is negligible.
Concentration Effect of Polymer and Buffer on Fluorescence Quenching
Sensitivity of mPPESO3 was determined by quenching experiments with K-pNA at
various concentrations of the polymer solutions. The quenching efficiency increases with a
decrease in the concentration of the polymer as shown in Figure 2-6. 5 μM of the polymer
solution exhibits the most efficient quenching.
To investigate the effect of buffer ions on fluorescence quenching, the quenching
experiments were carried out by using 5 μM of PPESO3 or mPPESO3, and K-pNA at various
concentrations of buffer solutions. Table 2-1 represents the Stern-Volmer constants (Ksv)
obtained for quenching mPPESO3 or PPE-SO3 by K-pNA. Ksv was acquired at low concentration
of quencher (linear regime). In the previous study, we reported that the quenching constants of
PPESO3 by K-pNA decreased with increasing buffer concentration.94 This arises due to an
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electronic screening effect of the added ions. However, the helical conformation of mPPESO3
prevents the effect of increased ions on the mPPESO3 fluorescence quenching by K-pNA.

Figure 2-5. Stern-Volmer plots for fluorescence quenching of mPPESO3 with K-pNA (a) and pnitroaniline. (b). [mPPE-SO3] = 15 μM, 1.0 mM Potassium phosphate buffer solution,
pH7.1. (λex = 320 nm , λem = 450 nm)
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Figure 2-6. Stern-Volmer plots of at different concentrations of mPPESO3 with K-pNA in 1.0
mM of potassium phosphate buffer (pH 7.1) (λex = 320 nm , λem = 450 nm).
Table 2-1. Stern-Volmer Quenching constants for mPPESO3 and PPESO3 fluorescence
quenching by K-pNA
KSV, M-1
[Buffer], mM

mPPESO3

PPESO3

1

1.54 × 107

4.79 × 106

5

1.60 × 107

2.18 × 106

10

1.53 × 107

8.20 × 105

100

9.50 × 105

7.38 × 104

Summary and Conclusions
This chapter demonstrates the application of mPPESO3 for detection of proteolytic
enzyme activity. The polymer fluorescence is quenched strongly by K-pNA and peptidase
reverses the fluorescence from the quenched polymer solution concurrent with peptide
hydrolysis. mPPESO3 is more efficiently quenched by K-pNA compared to PPESO3. More
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interestingly, the polymer still shows amplified quenching at even high concentration of buffer
solution while PPESO3 shows a reduced quenching efficiency with increasing buffer
concentration. Typically, CPEs show a significantly reduced quenching efficiency in the
concentrated buffer solution because the buffer ions screen the Coulomb interactions, removing
quenchers from the vicinity of CPEs. These two results are believed to arise due to the
intercalation of quenchers into the helical conformation of mPPESO3 giving less ion-screening
effect on the Coulomb interaction as well as an enhanced quenching efficiency.
Experimental
Materials
mPPESO3 was synthesized by the Sonogashira reaction as described in the literature.79 All
solutions were prepared by using water that was distilled and then purified by a Millipore
purification system. Buffer solutions were prepared with reagent grade chemicals before use.
Concentrated aqueous polymer solutions were diluted with buffer to a final concentration.
Avidin, K-pNA, and peptidase were purchased from Sigma-Aldrich Inc. All solutions were
prepared in an appropriate buffer solution before use in the fluorescence assay.
Instrumentation
Absorption spectra were obtained on a Varian-Cary 100 UV-visible absorption
spectrometer. Fluorescence spectra were recorded on a Jobin Yvon-SPEX Industries Fluorolog-3
Model FL3-21 spectrofluorometer and corrected by using correction factors generated in-house
with a primary standard lamp.
General Methods
The solutions of mPPESO3, K-pNA, and peptidase in 1.0 mM sodium phosphate buffer
(pH 7.1) were prepared before use. Enzyme assay was conducted at 37oC. The 2 mL of polymer
solution (15 μM) was placed in a poly (methyl methacrylate) cuvette with 10 mm path length and
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the initial fluorescence intensity was recorded. The polymer solution was incubated with K-pNA
solution for 10 minutes and then the fluorescence intensity was measured again. A peptidase
solution was added into the mixture of the polymer and K-pNA. Fluorescence intensity was then
recorded at 5 min intervals. Fluorescence intensity was acquired at 450 nm after it was excited at
320 nm.
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CHAPTER 3
FLUORESCENCE QUENCHING OF HELICAL CONJUGATED POLYELECTROLYTE BY
RHENIUM-BIOTIN COMPLEX AS QUENCHER-TETHER-LIGAND (QTL) PROBE
Introduction
Since the structure of double helical DNA was elucidated,96 the design of small molecules
that recognize and react at specific DNA sites has been of considerable interest.97 Over the past
twenty five years, transition metal complexes have been studied as reversible DNA binding
agents. Metal complexes bind with DNA in several different non-covalent modes including
electrostatic and groove binding, intercalation and insertion (Figure 3-1).98 Transition metal
complexes are attractive because of the second specific advantages: (1) they exhibit a welldefined coordination geometry because the metal center acts as an anchor, holding in place a
rigid, three dimensional scaffold of ligands that can, if desired, bear recognition elements. (2)
They also possess unique photophysical and electrochemical properties to enhance the
functionality of the binding agents.98 The unique properties of transition metal complexes have
been used in a wide range of areas including fluorescent labels, DNA foot-printing agents and
electrochemical probes.99 Much of the work in this area originated from the earliest study of Pt(II)
complexes.100 Stimulated by the early work by Barton, Turro and co-workers, a variety of metal
complexes including of those of Ru(II), Rh(III), Cu(I) with polynuclear aromatic chelate ligands
such as 1,10-phenanthroline have been investigated as physical and chemical tools for probing
and modifying the structures of nucleic acids.101-112 There has been particular interest in
transition metal complexes that contain the ligand dipyrido[3,2-a:2´,3´-c]phenazine (dppz),
which bind strongly to DNA via intercalation of the dppz ligand. One of the interesting
properties of these complexes is that intercalation into DNA, resulting in a change in their
photophysical properties.81, 113 Specifically, they exhibit weak luminescence in aqueous solution

50

due to solvent-induced quenching of the luminescent 3MLCT state; however, when bound to
DNA, they are moderately luminescent (Figure 3-2).
Previously, we reported that [fac-(dppz)ReI(CO3)(4-MePy)]+ (where 4-MePy = 4methylpyridine) binds to DNA via intercalation. By analogy to Ru(bpy)2dppz2+, the Re(I)
complex is non-luminescent in water, but becomes emissive from 3π,π* intraligand excited state
upon intercalation.113 In 2004, Lo and co-workers reported bifunctional Re(I) complexes that
contain both an extended planar diimine ligand and a biotin moiety and hence they can bind to
both nucleic acid and proteins to develop new biorecognition reagents.114 These biofunctional
Re(I) complexes display a significant emission enhancement in the presence of either DNA or
avidin.
We have been interested in the optical and self-assembly properties of water-soluble
conjugated polyelectrolytes (CPEs), which feature poly(phenylene ethynylene) (PPE) backbones
with ionic side chains.23, 36, 79, 80, 115-118 These polymers exhibit strong light absorption, efficient
fluorescence, and good transport properties for charge carriers and excitons. One property that
has been of particular interest in our studies is solvent-induced self-assembly.36, 79, 80 For
example, the anionic conjugated polyelectrolyte PPESO3, which has a para-linked (linear chain)
PPE backbone, self-assembles into π-stacked aggregates in H2O (a “poor” solvent) while it exits
in a monomeric state in MeOH (a “good” solvent).36 This result is based on the study of solvent
effects on the spectroscopic properties. The polymer also exhibits a stronger quenching
efficiency by oppositely charged quenchers in H2O compared to MeOH. This effect has been
termed “amplified quenching”30 and arises due to rapid interchain exciton migration in the
aggregated PPESO3 chains. The amplified quenching allows CPEs to be used as a unique
platform for the development of highly sensitive fluorescence-based sensor for biological
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Figure 3--1. Three binding modes of a metal complex wiith DNA: (a)) groove bindding, (b)
intercalatiion and (c) insertion andd geometriess of (a) groovve binder, (bb) intercalatoor
and (c) metalloinserto
m
or. Figure waas taken from
m Zeglis et. al.98

Figure 3--2. The ligh
ht-switch effeect of dppz-bbased metalllo-intercalatoors. Figure was
w taken froom
Zeglis et. al.98
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targets22, 24, 94, 95, 119-124. In contrast to the para-linked PPESO3, the meta-linked PPE-type
polymer mPPESO3 folds into a helical conformation in H2O while it exists in a random coil
conformation in MeOH.79 The fluorescence of the helical conformation of the polymer is
quenched by oppositely charged quenchers more efficiently, suggesting either an increase of
exciton length in the helical conformation, which results from delocalization between π-stacked
segments, or the fact that the quencher ion can interact with a larger fraction of the chain when it
is helical.
Given the structural similarity between the helical conformation of mPPESO3 and double
helical DNA (i.e., both feature aromatic residues that are π-stacked along the helical axis and
they present negatively charged side groups to the surrounding solvent environment), DNA
intercalators are expected to interact in a similar manner with the polymer. Interestingly,
[Ru(bpy)2(dppz)]2+, where bpy = 2,2´-bipyridine and dppz = dipyrido[3,2-a:2´,3´-c]phenazine
binds to helical mPPESO3 via intercalation of the dppz ligand into the π-stacked phenylene
ethynylene units. The intercalated complex is strongly luminescent and it also quenches the
polymer fluorescence.79
In this chapter, we investigated the interaction between mPPESO3 and two Re(I)
complexes. One complex contains the dppz ligand and the second contains the dppz ligand and a
pyridine ligand covalently linked to biotin. Both Re(I) complexes bind to mPPESO3 via
intercalation of the dppz ligand into the polymer, resulting in amplified quenching of the
polymer fluorescence. The Re(I) complex containing biotin ligands specifically interact with
avidin. Effect of avidin-biotin complexation on the interaction between the polymer and the
Re(I)-biotin complex was also investigated by observing changes in the polymer fluorescence.
Scheme 4-3 shows the structures of CPEs and Re complexes used in this study.
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Figure 3-3. Structures and acronyms of polymers and Re complexes.
Results
Synthesis of Re complexes
Re(dppz) (PF6) was prepared from the reaction of [fac-(dppz)ReІ(CO)3](Cl) and 4methylpyridine in DMF containing AgPF6.. Re(dppz)-biotin (PF6) was prepared from the
reaction of [fac-(dppz)ReІ(CO)3(CH3CN)](CF3SO3) and the ligand py-CH2NH-biotin in
THF/MeOH and followed by metathesis with NH4PF6. The PF6 salts of two Re complexes were
purified by column chromatography and characterized by 1H NMR and positive-ion ESI-MS,
and then metathesized to Cl- form.
Photopysical Properties of Re complexes
The Re(dppz) complex displays moderately intense absorption band with two maxima at
366 nm and 384 nm in aqueous solution. The absorption of Re(dppz)-biotin also appears in the
near UV as a moderate intense band with two maxima at 368 nm and 385 nm. Both of Re(dppz)
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and Re(dppz)-biotin are non-luminescent in aqueous solution because their luminescent 3MLCT
and 3π,π* excited states are strongly quenched in aqueous solution by proton transfer (or H-bond
formation) from H2O to one of the phenazine nitrogens in the dppz ligand.81, 82
Fluorescence Quenching of mPPESO3 with Re(dppz) and Re(dppz)-biotin
Transition metal cations, such as Pd2+, Ru2+, Cu2+, and Pt2+ possess high quenching
efficiency to conjugated polymer fluorescence via electron transfer or energy transfer
mechanism.123, 125, 126 Therefore, cationic transition metal Re(І) was chosen to design Re complex
containing a dppz ligand, which can bind to mPPESO3 through both electrostatic interaction and
intercalation of a dppz ligand to the polymer. The intercalating and quenching properties of
Re(dppz) were studied by emission titration experiments. Upon addition of Re(dppz) (0−0.48
µM) to mPPESO3 aqueous solution, the polymer emission at 450 nm is quenched (Figure 3-4).
Similar changes are also observed for quenching of the polymer emission by Re(dppz)-biotin.
The fluorescence of mPPESO3 is strongly quenched by both Re(dppz) and Re(dppz)-biotin at
low concentration. The fluorescence quenching constants (Ksv) of mPPESO3 by Re(dppz) and
Re(dppz)-biotin are 7.56 x 106 M-1 and 7.38 x 106 M-1, respectively (Table 3-1). The Ksv values
were obtained in the linear range of 0−0.32 µM for Re(dppz) and 0−0.34 µM for Re(dppz)-biotin.
Table 3-1. Stern-Volmer quenching constants for mPPESO3 and PPESO3 fluorescence
quenching by Re complexes
Ksv (106 M-1)a
Re(dppz)-biotin
Re(dppz)
Only protein
avidin
BSA
avidin
avidin
BSA
mPPESO3
7.38b
1.37c
9.66c
7.56d
3.41c
0.22e
0.23c
PPESO3
1.00f
1.10g
a
b
c
Ksv values are obtained from the linear region of the SV plots. 0−0.34 µM. 0−0.40 µM.
d
0−0.32 µM. e 0−0.60 µM. f 0−1.02 µM. g 0−0.50 µM
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Figure 3-4. Fluorescence spectra of mPPESO3 (15 µM) in the presence of (a) Re(dppz) (0– 0.48
µM) and (b) Re(dppz)-biotin (0 – 0.61 µM) in a 1 mM phosphate buffer solution (pH
7.4).
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The effect of polymer structure on the fluorescence of polymer/Re(dppz)-biotin complex
was investgated using para-linked PPESO3. PPESO3 self-assembles linearly into π-stacked
aggregates in contrast to helical structured mPPESO3 in aqueous solution. PPESO3 also contains
sulfonate side groups to complex with positively charged quenchers via electrostatic
interactions.36 The fluorescence quenching experiment was carried out under previously
described conditions for mPPESO3. As shown in Table 3-1, PPESO3 is less strongly quenched
by Re(dppz)-biotin compared to mPPESO3.
Avidin Interactions with mPPESO3/Re(dppz)-biotin
The specific biosensor system QTL (quencher-tether-ligand, QTL)22 has been developed to
detect biological targets94, 95 in which organic cations such as MV2+(N,N´-dimethyl-4,4´bipyridinium) and MV+(N-methyl-4,4´-pyridylpyridium) are frequently used as a quencher.
Whitten’s group reported a violgen-type quencher linked to a biotin molecule, which is an
excellent acceptor for proteins such as avidin and streptavidin. Recently, Ai’s group used metal
cation rhenium(І) to design a biotin-rhenium (І) complex as a QTL probe to detect avidin and
streptavidin.125 Both studies demonstrate that the fluorescence of polymers is quenched by
quencher-biotin molecules and then addition of avidin to the quenched solution reverses the
quenching. Avidin is known to bind strongly with biotin (K ≈ 1015 M-1).127 In addition, at neutral
pH, avidin (pI 10–10.5)128 is negatively charged and therefore it can be expected to be
electrostatically bound to mPPESO3.
Knowing the Re(dppz)-biotin binds to avidin through the biotin moiety, we were interested
in the fluorescence change of mPPESO3 upon addition of avidin to the polymer-intercalated
Re(dppz)-biotin. For this experiment the polymer/Re(dppz)-biotin complex was pre-formed to
induce quenching polymer’s fluorescence and then avidin was added to the quenched polymer
solution in a 4:1 ratio of Re(dppz)-biotin/avidin. On contrary to expectation, the recovery of
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fluorescence from the quenched polymer solution was not observed after the addition of avidin
(data not shown). We conclude from this result that avidin does not displace biotin-Re(dppz)
from its mPPESO3-intercalated form to cause the reversal of fluorescence quenching.
Fluorescence Quenching of mPPESO3 with Pre-formed Re(dppz)-biotin/avidin Complex
Next, the effect of biotin/avidin complexation on the fluorescence of mPPESO3 was
investigated. The pre-formed Re(dppz)-biotin/avidin complex (avidin:biotin = 1:4) was added to
the polymer. Interestingly, the polymer is less efficiently quenched by the pre-formed Re(dppz)biotin-avidin complex compared to Re(dppz)-biotin (Figure 3-5). For example, addition of 0.6
µM of Re(dppz)-biotin reduces the initial fluorescence of the polymer more strongly (ca. 5-fold)
compared to the pre-formed Re(dppz)-biotin/avidin complex. Pre-formed Re(dppz)-biotin-avidin
complex also was added to PPESO3 and then Ksv (1.10 x 106 M-1) was obtained at low
concentration of regime by linear fit (Figure 3-6). There is little change in the Ksv values
compared with the Ksv value of the polymer by only Re(dppz)-biotin (1.14 x 106 M-1).
Similar quenching experiments of mPPESO3 with different ratios of avidin/Re(dppz)biotin mixtures were conducted. Each Re(dppz)-biotin sample was pre-mixed with different
ratios of avidin (avidin:biotin = 1:1, 1:2, 1:4, 1:8) and added to the polymer. Emission at 450 nm
was recorded at various concentrations of Re(dppz)-biotin (Figure 3-7). Re(dppz)-biotin mixed
with different ratios of avidin (avidin:biotin = 1:1, 1:2, 1:4, and 1:8) does not show the
pronounced difference in fluorescence quenching.
Effect of Specific Protein on Fluorescence Quenching of mPPESO3 by Re(dppz)-biotin
As shown in Table 1, pre-mixing avidin with Re(dppz) has a distinct effect in the
quenching efficiency. This is surprising because this complex does not contain the biotin moiety.
The result shows that there is an non-specific interaction between the Re(dppz) and the protein
which competes with the Re(dppz) binding to the polymer. Ksv value of pre-mixed Re(dppz)58

Figure 3-5. Stern-Volmer plots for mPPESO3 (15 µM) quenching by Re(dppz)-biotin, preformed Re(dppz)-biotin/avidin complex (avidin:Re(dppz)-biotin = 1:4) and avidin
in1 mM phosphate buffer solution (pH 7.4).

Figure 3-6. Stern-Volmer plots for PPESO3 (15 µM) quenching by Re(dppz)-biotin and preformed Re(dppz)-biotin-avidin complex (avidin:Re(dppz)-biotin = 1:4) in a 1 mM
phosphate buffer solution (pH 7.4).
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Figure 3-7. (a) Stern-Volmer plots for mPPESO3 (15 µM) quenching by different ratios of preforemd Re(dppz)-biotin/avidin complex. (b) Quenching percent of mPPESO3 (15
µM) by pre-formed Re(dppz)-biotin (0.6 µM)/avidin complex containing different
concentrations of avidin in a 1 mM phosphate buffer solution (pH 7.4).
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avidin (3.41 x 106 M-1) is about two times less than that of Re(dppz) (7.56 x 106 M-1). Given that
avidn nonspecifically disturbs fluorescence quenching by Re(dppz), we examined influence of
protein without biotin binding site on fluorescence quenching by Re(dppz)-biotin (Figure 3-8).
BSA (pI 4.7)128 was chosen for this experiment. BSA did not cause significant difference in Ksv
values of pre-mixed Re(dppz)-biotin/BSA (Ksv = 9.66 x 106 M-1) and Re(dppz)-biotin (7.38 x 106
M-1). These results suggest that the biotin moiety on Re(dppz)-biotin complex specifically binds
to avidin, but avidin (pI 10-10.5)128 can non-specifically interact with negatively charged
mPPESO3 via electrostatic interaction between charged molecules to disrupt polymer quenching
by Re(dppz).

Figure 3-8. Stern-Volmer plots of mPPESO3 (15 µM) quenching in a 1 mM phosphate buffer
solution (pH 7.4) by Re(dppz)-biotin, pre-mixed Re(dppz)-biotin-BSA mixture (BSA:
Re(dppz)-biotin = 1:4) and BSA.
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Discussion
Re(dppz) and Re(dppz)-biotin bind strongly to mPPESO3 via intercalation of the extended
planar dppz ligand within π-stacked phenylene ethynylene residues in the helical conformation.
This interaction between the polymer and Re complexes induces a pronounced quenching for
mPPESO3 compared with PPESO3. The same result was seen previously with Ru(bpy)2(dppz ),
which quenched strongly the fluorescence of mPPESO3 via the intercalative binding.79 The
special quenching effect seen with mPPESO3 provides evidence that intercalation of the Re
complex into the helical conformation of the polymer results in stronger polymer-quencher
complex association and electrostatic interaction. Therefore, efficient quenching of the polymer
fluorescence is observed from mPPESO3.
Addition of avidin to the quenched mPPESO3 solution does not recover the fluorescence
of the polymer even though the biotin-avidin complexation is strong (K ≈ 1015 M). It can be
explained by two possibilities. First, the mPPESO3-intercalated Re(dppz)-biotin complex binds
to avidin at the same time (i.e. cross-linking of mPPESO3 and avidin; Figure 3-9).129 When
avidin binds to biotin, positively charged avidin sticks to the negatively charged polymer and
therefore the quencher remains intercalated to result in no reversal of quenching. Second,
Re(dppz)-biotin is hidden due to intercalation and therefore the biotin may not be accessible to
avidin. Re(dppz)-biotin remains intercalated to the polymer, but it does not bind to avidin.
Pre-formed Re(dppz)-biotin/avidin (4/1) complex gives weaker quenching of mPPESO3
fluorescence than only Re(dppz)-biotin does. Avidin bound to Re(dppz)-biotin is positively
charged at neutral pH and it is attracted to anionic mPPESO3 electrostatically. Therefore, the
quencher is close to polymer, but it might not intercalate into the polymer resulting in less
efficient quenching (Figure 3-10).
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Figure 3--9. Cross-lin
nking of mPPESO3 and avidin
a
by ussing Re(dppzz)-biotin.

Figure 3--10. Binding
g of Re(dppzz)-biotin andd pre-formedd Re(dppz)-bbiotin/avidinn complex too
mPPESO3.
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Re (dppz)-biotin, the Re(dppz)-biotin-avidin complex gives less effect on the fluorescence
quenching because of the electrostatic interaction between the oppositely charged polymer and
avidin.
Experimental
Materials
All chemicals used for synthesis were of reagent grade and used without purification.
Biotin, N-hydroxysuccinimide, 4-picoline and 4-aminomethyl pyridine were purchased from
Sigma-Aldrich. 1,10-phenanthroline, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide and ophenyldiamine, and silver hexafluorophosphate were obtained from Acros. Rhenium
pentacarbonyl chloride and silver trifluoromethanesulfonate were purchased from Strem. Silica
gel (Merck, 230-400 mesh) and neutral alumina (Fisher, Brockman grade ІІІ) were used for
chromatographic purification of Re(dppz) and Re(dppz)-biotin, respectively.
Instrumentation
1

H NMR spectra were recorded on either a Varian VXR 300 or Mercury-300 spectrometer

and chemical shifts are reported in ppm relative to TMS. Absorption spectra were obtained on a
Varian-Cary 100 UV-visible absorption spectrometer. Steady state fluorescence spectra were
recorded on a spectrofluorometer from Photon Technology International and corrected by using
correction factors generated with a primary standard lamp.
General Methods
Fluorescence quenching
All fluorescence quenching experiments of mPPESO3 and PPESO3 were conducted by
titrating the polymer solutions with aliquots of Re(dppz), pre-mixed Re(dppz)-biotin, Re(dppz)biotin, pre-formed Re(dppz)-biotin-avidin complex and avidin, respectively. The fluorescence
intensity was recorded at different concentration of the quenchers. For mPPESO3, the
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fluorescence intensity was acquired with excitation and emission wavelengths of 320 nm and
450 nm, respectively; and for PPESO3, excitation and emission wavelengths are 420 nm and 540
nm, respectively. The quenching of polymer fluorescence follows a conventional “SternVolmer” relationship:

I0
= 1 + K sv [Q]
I

(3-1)

where I0 and I are the intensities of fluorescence in the absence and presence of quenchers, and
[Q] is the concentration of the quencher. Thus, the quenching constant, Ksv defines quenching
efficiency. The quenching constants were determined from the low concentration range of the
Stern-Volmer plots because deviations from the linearity occurred at high quencher
concentration.
Fluorescence recovery
mPPESO3 was titrated with Re(dppz)-biotin to quench the fluorescence followed by the
addition of avidin to the quenched mixture solution in a 4:1 ratio of Re(dppz)-biotin/ avidin.
Synthetic Procedures
[fac-(dppz)ReІ(CO)3(4-methylpyridine)][Cl], Re(dppz). This complex was prepared
according to a literature procedure.113 The following NMR data were obtained by using the PF6salt of the complex. 1H NMR (300MHz, CD3CN) δ 2.16 (s, 3H), 7.06 (d, 2H), 8.12-17 (m, 4H),
8.26 (m, 2H), 8.45 (m, 2H), 9.65 (d, 2H), 9.90 (d, 2H). Positive-ion ESI-MS calcd for
C27H17N5O3Re (M+) 646.089, found 646.085; calcd for C21H10N4O3Re (M+-pyridine) 553.031,
found 553.028.
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i. N-hydroxysuccinimide, 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), DMF; ii. 4-Aminomethyl pyridine,
triethylamine, DMF; iii. 1) Silver triflate, acetonitrile; 2) NH3PF6; iv. 1) py-CH2-NH-biotin, THF/ methanol (3/1, v/v), heat;
2) anion exchange resin.

Figure 3-11. Synthesis of Re(dppz)-biotin.
Biotin succinimide (2). To a solution of biotin (1 g, 4.09 mmol) in anhydrous DMF (25
mL), N-hydroxysuccinimide (0.56 g, 4.91 mmol) and 1-(3-dimethyaminopropyl)-3ethylcarbodiimide (0.94 g, 4.91 mmol) was added. The solution was stirred for 24 h and was
recrystallized in 2-propanol to collect white powder (0.96 g, 2.82 mmol). 1H NMR (300MHz,
DMSO-d6) δ 1.41-1.62 (m, 6H), 2.56-87 (m, 8H), 3.09-3.11 (m, 1H), 4.13- 4.34 (m, 2H), 6.37 (s,
1H), 6.42 (s, 2H).
Py-CH2-NH-biotin (3). Compound 2 (115 mg, 0.34 mmol) was dissolved in dry DMF
(5mL) and triethylamine (190 μL, 1.36 mmol) was added. After addition of 4-aminomethyl
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pyridine (35 mg, 0.34 mmol) in DMF (5 mL), the mixture was stirred under argon at room
temperature. After stirring for 24 h, DMF was removed and recrystallized from MeOH/Et2O to
get white precipitate (0.17g, 0.24 mmol). 1H NMR (300MHz, DMSO-d6) δ 1.32-1.64 (m, 6H),
2.168 (t, 3H), 2.58 (d, 1H), 2.80 (dd, 1H), 3.09-3.11 (m, 1H), 4.11-4.14 (m, 1H), 4.30-4.32(m,
3H), 6.37 (s, 2H), 6.46 (s, 1H), 7.21 (d, 2H), 8.4-8.48 (m, 3H).
[fac-(dppz)ReІ(CO)3(py-CH2NH-biotin)][Cl], Re(dppz)-biotin (6). This complex was
prepared according to a literature procedure.114 PF6- salt was metathesized to Cl- form in the same
way as Re(dppz).113 The following NMR data was obtained by using the PF6- salt of the complex.
1

H NMR (300MHz, DMSO-d6) δ 1.23-1.43 (m, 6H), 2.27 (t, 2H), 2.60 (d, 1H), 2.8 (dd, 1H),

3.05 (m, 1H), 4.14 (m, 3H), 4.30 ( m, 1H), 6.40 (m, 2H), 7.18 (d, 2H), 8.17-8.21 (m, 2H), 8.368.51 (m, 7H), 9.79 (d, 2H), 9.88 (d, 2H). Positive-ion ESI-MS calcd for C37H32N8O5ReS (M+)
887.177, found 887.173; calcd for C21H10N4O3Re (M+- py-CH2NH-biotin) 553.031, found
553.028.
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CHAPTER 4
FLUORESCENCE RESONANCE ENERGY TRANSFER FROM HELICAL CONJUGATED
POLYELECTROLYTE TO CHARGED FLUORESCENT DYE-LIGAND CONJUGATED
(DLC) MOLECULE
Introduction
Conjugated polyelectrolytes (CPEs) are π-conjugated polymers with ionic side groups
which make them soluble in water.23 These materials exhibit strong light absorption, high
fluorescence quantum yield and an enhanced quenching effect compared to low molecular
weight fluorescence probes.30, 36 These interesting properties have proven the CPEs to be useful
for fabrication of sensors for biological targets. 22, 94Another intrinsic characteristic of CPEs is
their ability to self-assemble into supramolecular structures in solution. Previously, our group
showed that an anionic conjugated polyelectrolyte mPPESO3, which has a meta-linked
poly(phenylene ethynylene) (PPE) backbone, self-assembles into a helical conformation in H2O
(a “poor” solvent) while it exits in a random coil conformation in MeOH (a “good” solvent).79 It
was also demonstrated that the cationic DNA metallo-intercalator, [Ru(bpy)2(dppz)]2+ binds to
the helical structure of mPPESO3 via intercalation of the dppz ligand to the π-stacked phenylene
ethynylene units. This effect arises due to the structural similarity between the helical
conformation of mPPESO3 and double helical DNA (i.e., both feature aromatic residues along
the helical axis and they present negatively charged side groups to the surrounding solvent
environment). Intercalation induces strong luminescence from the non-luminescent Ru complex
as well as fluorescence quenching of the polymer.
We have an interest in fundamental understanding of the mechanism of amplified
quenching in mPPESO3 fluorescence with cationic intercalator quenchers. To address this issue,
we carried out a detailed photophysical investigation that probes the interaction of the polymer
with a quencher. The structures of two different types of CPEs and the quencher used for this
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study are shown in Figure 4-1. mPPESO3 and PPESO3 are anionic poly(phenylene ethynylene)s
(PPEs) that feature sulfonate side groups. In aqueous solution, mPPESO3 self-assembles into a
helical conformation while PPESO3 self-assembles into an aggregate where the chains are
aligned.36, 79 Biotinylated rhodamine, 5-(and-6)-tetramethylrhodamine biocytin (biocytin TMR),
which is a dye-ligand conjugate was selected for this investigation for several reasons. First,
biocytin-TMR is a positively charged dye and therefore interacts with anionic CPEs, mPPESO3
or PPESO3 by ion pairing, resulting in fluorescence quenching.32, 36 Second, it is well known that
rhodamine can intercalate into the helical structure of DNA and therefore it can intercalate into
mPPESO3.130, 131 Third, because biocytin-TMR absorbs strongly in the visible region, it
efficiently quenches the fluorescence of the polymer via energy transfer from the polymer to the
dye. Finally, biocytin-TMR is a biotin-functionalized fluorophore, which is capable of binding to
avidin. Water soluble CPEs and a dye-modified ligand were used as a donor and an acceptor,
respectively.
In this system, the CPEs act as light-harvesting units which transfer excitation via FRET to
a signaling dye to enhance the fluorescence signals of dye-modified ligand. Biocytin-TMR
intercalates into the helical conformational mPPESO3, resulting in a decrease in the polymer
fluorescence. Our efforts concerned FRET experiments to biocytin-TMR upon excitation of
mPPESO3 with the fluorescence quenching of the polymer. The Stern-Volmer relation, given by
I0/I = 1+ Ksv[Q] (where I0 and I are the intensity of fluorescence in the absence and presence of a
quencher, respectively, Ksv is the Stern-Volmer constant, and [Q] is the concentration of a
quencher) is used to quantitatively measure the quenching efficiency. The efficiency of energy
transfer can be determined by the extent of emission quenching and relative intensities of
acceptor emission in the donor alone or the donor-acceptor pair.
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Figure 4-1. Structures and acronyms of conjugated polyelectrolytes and dye-ligand conjugate
used in this study.
Results
Photophysical Properties.
The photophysical properties of three CPEs in aqueous solution are shown in Table 4-1. In
aqueous solution mPPESO3 absorbs with λmax = 320 nm and shows strong blue fluorescence at
λmax = 450 nm. PPESO3 absorbs in the blue of the visible region (λmax = 420 nm) and is
Table 4-1. Photophysical properties of mPPESO3, PPESO3 and biocytin-TMR in 1 mM
phosphate buffer solution (pH 7.4)
λmaxabs/ nm

λmaxem/nm

Φfl

mPPESO3

320 nm

450 nm

0.17a

PPESO3

420 nm

540 nm

0.10b

Biocytin-TMR

553 nm

580 nm

-

a

Anthracene in EtOH was used as a standard, Φfl = 0.27, see ref. 132, 133. b From ref. 36
70

strongly fluorescent at λmax = 540 nm. For biocytin-TMR, the absorption maximum appears at
553 nm and the emission maximum is at 580 nm. The fluorescence quantum yields for the CPEs
vary in the sequence mPPESO3 > PPESO3.
FRET from mPPESO3 to Biocytin-TMR
320 nm

FRET

590 nm
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Figure 4-2. Energy transfer from mPPESO3 to biocytin-TMR.
Our strategy for CPE-sensitized biocytin-TMR emission is illustrated in Figure 4-2.
Rhodamine is known to have a propensity to intercalate into DNA130, 131 and therefore biocytinTMR is expected to intercalate into the helical structured polymer mPPESO3. This brings
biocytin-TMR within close proximity of the polymer. Additionally, biocytin-TMR is a positively
charged dye, and hence it forms an electrostatic complex with the polymer. After the excitation
of the polymer, biocytin-TMR quenches the fluorescence of mPPESO3 via singlet-singlet energy
transfer, where the polymer is the donor and biocytin-TMR is the acceptor. The occurrence of
the energy transfer is confirmed by the observation of sensitized fluorescence from biocytinTMR concomitant with fluorescence quenching of the polymer.
As described by Förster, dipole-dipole interaction leads to long-range resonance energy
transfer from a fluorescent donor to an acceptor. The rate of energy transfer (kt(r)) depends on the
donor-acceptor distance (r), the orientation factor (κ), and the overlap integral (J(λ)) as described
in Eq. 4-1:134, 135
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1

9000 ln 10 QD κ2 J(λ)
R =
128 π5 NA n4

(4-1)
1/6

(4-2)

∞

(4-3)
where, τD is the lifetime of the donor in the absence of an acceptor, R0 is the Förster distance, QD
is the quantum yield of the donor in the absence of an acceptor, NA is the Avogadro’s number, n
is the refractive index of the medium, FD(λ) is the donor emission, and

A

(λ) is the acceptor

absorption.
The distance between the donor (mPPESO3) and the acceptor (biocytin-TMR) is
controlled by intercalation and electrostatic interaction to satisfy the distance requirement
(< 10 nm) for energy transfer. The overlap integral provides the information about how the
spectral overlap between the donor emission and the acceptor absorption affects the rate of
energy transfer. Figure 4-3 shows the fluorescence of the two CPEs with the absorption and
fluorescence of biocytin-TMR in aqueous solution. As a consequence of red-shift of the polymer
fluorescence, spectral overlap between the emission of the polymer donor and the absorption of
the biocytin-TMR acceptor varies systematically. The PPESO3 fluorescence spectrum is redshifted compared with the mPPESO3 fluorescence, and hence the overlap between PPESO3
fluorescence and biocytin-TMR absorption spectrum is larger than that between mPPESO3 and
biocytin-TMR as seen in Figure 4-3.
Figure 4-4 illustrates the fluorescence spectra of mPPESO3 (15 µM) in aqueous solution
during titration with biocytin-TMR (0 to 0.225 µM). As biocytin-TMR is added to the polymer
solution, the fluorescence of the polymer is quenched (λem = 450 nm) and it is replaced by a red72

Figure 4-3. Normalized absorption spectrum of biocytin-TMR (—) and normalized fluorescence
spectra of biocytin-TMR (---) and CPEs (– –) in 1 mM phosphate buffer (pH 7.4).
λex = 553 nm for biocytin-TMR, λex = 320 nm for mPPESO3 and λex = 420 nm for
PPESO3.
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shifted fluorescence (λem = 590 nm) from biocytin-TMR. Direct excitation of the solution
containing only biocytin-TMR at 320 nm provides supplementary information to the energy
transfer from the polymer to biocytin-TMR. As seen in Figure 4-5, an 82-fold increase in
biocytin-TMR fluorescence intensity is observed in the presence of the polymer, whereas the
direct excitation of only biocytin-TMR solution lead to weak fluorescence. The excitation
spectrum of biocytin-TMR-intercalated mPPESO3 also supports the premise that the
fluorescence at 590 nm originates from the polymer-biocytin-TMR complex (Figure 4-6). The
integrated absorption intensity around 320 nm is 24-fold higher than that around 550 nm. This
result is consistent with the amplified fluorescence intensity of biocytin-TMR in the presence of
the polymer.

Figure 4-4. Normalized fluorescence spectra of mPPESO3 (15 µM) upon addition of biocytinTMR (0–0.225 µM) in phosphate buffer (1 mM, pH 7.4). λex = 320 nm.
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Figure 4-5. Normalized fluorescence spectra of biocytin-TMR (0.225 μM) in the absence (—)
and presence (---) of mPPESO3 (15 μM) in phosphate buffer (1 mM, pH 7.4). λex =
320 nm.

75

Figure 4-6. Excitation spectrum of mPPESO3 (15 μM)/ biocytin-TMR (0.225 μM) complex in
phosphate buffer (1 mM, pH 7.4), λem = 590 nm.
Anisotropy Measurements
Fluorescence anisotropy was used to provide insight into the interaction between
mPPESO3 and bioctyin-TMR (Figure 4-7). Rapid internal rotation and energy transfer are two
major mechanisms for a loss of anisotropy. The excitation spectra of both mPPESO3/biocytinTMR complex and biocytin-TMR were collected in the region of 400−570 nm at the four
different polarization configurations: VV, VH, HH, and HV after emission at 580 nm
corresponding to the maximum emission wavelength of biocytin-TMR. The anisotropy value, r,
at each wavelength was determined from the standard equation given by r = (IVV –GIVH)/(IVV +
2GIVH), where IVV and IVH are the vertical and perpendicular emission intensities when vertically
polarized excitation is used, and G is an instrumental correction factor, G = IHV/IHH.136 The
introduction of the polymer into biocytin-TMR results in an increase in the measured anisotropy
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in the absorption range (450 nm–560 nm) of biocytin-TMR. This is due to the decreased
rotational rate of biocytin-TMR when it is intercalated into the polymer.136 The anisotropy is
primarily determined by rotational motion of a fluorophore (biocytin-TMR). In the polymer
intercalated-biocyitn-TMR, the size of the complex results in an increase in the anisotropy
between 450 nm and 560 nm. Therefore, the anisotropy observation provides evidences for the
intercalation of biocytin-TMR into the polymer.

Figure 4-7. Excitation anisotropy of biocytin-TMR/mPPESO3 complex (●●●) and biocytinTMR (○○○). [mPPESO3] = 15 μM, [biocytin-TMR] = 0.225 μM in phosphate buffer
(1 mM, pH 7.4), λem = 580 nm.
Fluorescence Quenching of PPESO3 by Biocytin-TMR
The effect of polymer structure on the fluorescence of polymer/biocytin-TMR complex
was examined using PPESO3. This experiment was conducted under the previously described
conditions for mPPESO3. As mentioned before, para-linked PPESO3 self-assembles linearly
into π-stacked aggregates in contrast to helical structured mPPESO3 in aqueous solution.
PPESO3 also contains sulfonate side groups to complex with positively charged quenchers via
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electrostatic interactions.36 Changes in the fluorescence intensity of PPESO3 (15 µM) upon
addition of biocytin-TMR (0 to 2 µM) were monitored by excitation of the polymer at 420 nm.
As seen in Figure 4-8, the sensitized biocytin-TMR fluorescence did not appear, whereas a
decrease in the polymer fluorescence intensity was observed (Figure 4-8).

Figure 4-8. Normalized fluorescence spectra of PPESO3(15 µM ) upon addition of biocytinTMR (0 – 0.2 µM) in phosphate buffer (1 mM, pH 7.4). λex = 420 nm.
Avidin binding to Biotin on Biocytin-TMR/CPEs complex
Quencher-tether-ligand (QTL)-based protein sensors have been widely used because QTL
probes are able to undergo competitive binding between CPEs and the target proteins.22 Biotin
and avidin were selected as the ligand and the target protein due to their high affinity binding.
Avidin contains four identical binding sites for biotin and the binding affinity is known to be
very high (Ka ≈ 1015 M-1).127 In previous studies it has been shown that the CPE fluorescence
intensity decreases upon addition of the biotin conjugated quencher, as a result of electrostatic
interactions between the CPE and the quencher. Addition of avidin disrupts the CPE/QTL
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complex due to the strong binding between the avidin and biotin of the QTL. Once the QTL
molecule is trapped by avidin, the quenching process is attenuated, resulting in an increase in the
CPE fluorescence intensity.
The results shown above indicate that the fluorescence intensity of mPPESO3 is quenched
by the biotin-functionalized QTL probe, biocytin-TMR. Therefore, the recovery of the quenched
fluorescence was expected by specific binding between biotin on the biocytin-TMR and avidin.
For the experiments of fluorescence recovery, avidin was added to the quenched biocytinTMR/mPPESO3 complex solution in a 4:1 molar ratio of biocytin-TMR/avidin (Figure 4-9). In
contrast to our expectation, the quenched fluorescence was not recovered. A small decrease in
sensitized fluorescence intensity from biocytin-TMR at 590 nm was observed upon addition of

Figure 4-9. Fluorescence spectra of mPPESO3 solution upon addition of biocytin-TMR (•••) and
avidin (---). [mPPESO3] = 15 µM,[biocytin-TMR] = 0.225 µM and [avidin] = 0.065
µM in phosphate buffer (1 mM, pH 7.4). λex = 320 nm.
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avidin. This reduced fluorescence might arise due to the binding interaction between biocytinTMR and avidin, resulting in quenching of the biocytin-TMR fluorescence as seen in Figure 410. Introduction of avidin (0 to 0.05 µM) into only biocytin-TMR solution (0.2 µM) significantly
decreases the fluorescence intensity of biocytin-TMR.

Figure 4-10. Fluorescence spectra of biocytin-TMR (0.20 µM) upon addition of avidin (0−0.05
µM) in phosphate buffer (1 mM, pH 7.4). λex = 550 nm.
Fluorescence Quenching of mPPESO3 by Pre-formed Biocytin-TMR/avidin complex
Since it was found that addition of avidin did not induce an increase in the fluorescence
from the quenched mPPESO3/biocytin-TMR complex, we were interested in the interactions
between the polymer and a pre-formed biocytin-TMR/avidin complex. For this experiment, the
biocytin-TMR/avidin complex (avidin:biocytin-TMR = 1:4) was pre-formed and then it was
added to mPPESO3. Changes in mPPESO3 fluorescence intensity at 450 nm were observed after
excitation of the polymer at 320 nm. The same experiment was conducted using PPESO3 instead
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of mPPESO3. PPESO3 was excited at 420 nm and fluorescence intensities were obtained at 540
nm. Figure 4-11 shows the Stern-Volmer plots for quenching of mPPESO3 and PPESO3
fluorescence with KSV values. Addition of biocytin-TMR/avidin complex strongly quenches the
mPPESO3 fluorescence (KSV = 2.6 × 106); however the KSV value is 4.2-fold lower than that of
the solution containing only biocytin-TMR. For PPESO3, the KSV value of the biocytinTMR/avidin complex is 10-fold lower compared to biocytin-TMR. Figure 4-12 displays the
polymer-sensitized biocytin-TMR fluorescence intensity as a function of the concentration of
biocytin-TMR after addition of biocytin-TMR or biocytin-TMR/avidin complex to the polymers.
As described before, PPESO3 did not show the sensitized biocytin-TMR fluorescence at 590 nm
and there is a little decrease in the fluorescence intensity at 590 nm by both biocytin-TMR and
biocytin-TMR/avidin complex. In contrast, mPPESO3 exhibits a 21-fold increase in the
fluorescence intensity at 590 nm after addition of 2.0 µM of biocytin-TMR, whereas the same
concentration of avidin bound biocytin-TMR induces only a 5-fold enhancement in the
fluorescence intensity at 590 nm. To investigate the influence of an avidin concentration on the
polymer fluorescence, different ratios of pre-formed biocytin-TMR/avidin complexes
(avidin:biocytin-TMR = 1:1, 1:2, 1:3 and 1:4) were prepared and then added to the mPPESO3
solution. Avidin consists of four identical binding sites and each biding site is capable of binding
one biotin ligand. Figure 4-13 (a) shows the Stern-Volmer plots for mPPESO3 fluorescence
quenched by different ratios of biocytin-TMR to avidin. When four binding sites bind to
biocytin-TMR, the least efficient fluorescence quenching is observed. With an increase in the
avidin concentration the extent of the polymer fluorescence quenching increases in the sequence
of 1:3 < 1:2 < 1:1. The polymer-sensitized biocytin-TMR fluorescence intensities are also
collected at 590 nm. As seen in Figure 4-13 (b), 1:4 ratio of biocytin-TMR/avidin complex
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Figure 4-11. Stern-Volmer plots of mPPESO3 (15 µM) and PPESO3 (15 µM) fluorescence
quenched by biocytin-TMR or pre-formed biocytin-TMR/avidin complex in
phosphate buffer (1 mM, pH 7.4). KSV values were calculated in the range of 0−0.2
µM except mPPESO3/biocytin-TMR (0-0.1 M). λex = 320 nm and λem = 450 nm for
mPPESO3. λex = 420 nm and λem = 540 nm for PPESO3.

Figure 4-12. Sensitized biocytin-TMR fluorescence intensity at 590 nm after addition of
biocytin-TMR or pre-formed biocytin-TMR/avidin complex to CPEs in phosphate
buffer (1 mM, pH 7.4). λex = 320 nm for mPPESO3. λex =420 nm for PPESO3.
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Figure 4-13. (a) SV plots for fluorescence quenching of mPPESO3 (15 µM) at 450 nm and (b)
polymer-sensitized biocytin-TMR fluorescence at 590 nm upon addition of preformed biocytin-TMR/avidin complex ([biocytin-TMR] = 0−0.20 µM,
avidin:biocytin-TMR = 1:1, 1:2, 1:3 and 1:4) in phosphate buffer (1 mM, pH 7.4). λex
= 320 nm.
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induces a 5.8-fold increase in the polymer-sensitized fluorescence intensity. An increase in the
concentration of avidin enhances the sensitized fluorescence intensity at 590 nm in the order of
1:3 < 1:2 < 1:1. This result is consistent with the above result where the pre-formed biocytinTMR/avidin less strongly quenches the polymer fluorescence and induces the weaker FRET
signal from biocytin-TMR.
Discussion
Fluorescence quenching and FRET studies shows that CPE-sensitized biocytin-TMR
fluorescence is different for helical structured mPPESO3 and linearly π-stacked PPESO3 under
the same experimental conditions. Both polymers’ fluorescence intensities are quenched by
biocytin-TMR; however, only mPPESO3/biocytin-TMR complex displays the sensitized
biocytin-TMR fluorescence at 590 nm. FRET occurs through dipole-dipole interactions and the
energy transfer rate is given by Eq. 4-1. The difference between the two polymers in the FRET
result can be explained using this equation. Since the two polymers have different conformations
in aqueous solution, different transition moment orientations between the polymers and biocytinTMR can be expected. Additionally, the polymers exhibit similar spectral overlaps between the
polymer fluorescence and the biocytin-TMR absorption; however, the quantum yield of
mPPESO3 is 1.7-fold higher than PPESO3 in aqueous solution. As seen in Eq. 4-2, the quantum
yield of the donor (CPEs) QD determines the Förster distance R0, therefore any variations in the
donor quantum yield might influence the energy transfer efficiency. The polymer self-quenching
upon complexation with biocytin-TMR due to aggregation of polymer chains gives a negative
effect on the polymer-sensitized biocytin-TMR fluorescence.32, 137
More efficient fluorescence quenching and FRET efficiency of mPPESO3 can be
explained by the intercalation of biocytin-TMR to the helical polymer. This helix is believed to
cause the strong complexation between the polymer and biocytin-TMR via intercalation with
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electrostatic interaction. Anisotropy measurements support the binding mechanism between
mPPESO3 and the positive intercalator quencher, biocytin-TMR. The polymer-intercalated
biocytin-TMR shows an increased anisotropy value due to the change of the complex size via the
interaction.
Once mPPESO3 fluorescence is quenched by biocytin-TMR, the fluorescence cannot be
recovered by addition of avidin. This suggests that avidin is not able to displace biocytin-TMR
from binding to mPPESO3 by intercalation. This result can be explained by two possibilities.
First, the mPPESO3-intercalated biocytin-TMR complex binds to avidin at the same time (i.e.,
cross-linking of mPPESO3 and avidin).129 When avidin binds to biotin, positively charged avidin
is attached to the negatively charged polymer and therefore the quencher remains intercalated,
resulting in no reversal of quenching. Second, biocytin-TMR is “hidden” due to intercalation and
therefore the biotin may not be accessible to avidin. Biocytin-TMR remains intercalated to the
polymer, but it does not bind to avidin.
Pre-formed biocytin-TMR/avidin quenches less strongly the two polymer fluorescence
intensities. This complex also induces the weaker sensitized fluorescence from the biocytinTMR compared to the solution containing only biocytin-TMR. Such difference is attributed to
the positive charge of avidin at neutral pH. The positively charged avidin interacts with the
polymers electrostatically. Therefore, the quencher might not intercalate to the polymer even
though it is close to the polymer. This results in less efficient fluorescence quenching and weaker
FRET emission signals.
Summary and Conclusions
In this study, fluorescence quenching and FRET of the anionic conjugated polyelectrolytes,
mPPESO3 and PPESO3, were investigated in aqueous solution to understand the mechanism of
amplified quenching of mPPESO3 by a cationic intercalator quencher. We have shown that
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mPPESO3 possibly takes advantage of its helical conformation as a fluorescence resonance gate
to transfer the polymer excitation to biocytin-TMR intercalated within the polymer. Therefore,
biocytin-TMR fluorescence can be very efficiently sensitized by mPPESO3 and the energy
transfer results in amplified fluorescence quenching of mPPESO3. Once the biocytin-TMR
intercalates to mPPESO3, avidin is not able to displace the biocytin-TMR from the polymer.
This result suggests that either biocytin-TMR is hidden within the polymer or serves as a cross
linker for the concomitant binding of the polymer and avidin. Pre-formed biocytin-TMR/avidin
give a little effect on the fluorescence quenching and FRET because of the electrostatic
interaction between the oppositely charged polymer and avidin.
Experimental
Materials
The positively charged 5-(and-6)-tetramethylrhodamine biocytin (biocytin TMR) and
avidin were purchased from Invitrogen TM and Sigma, respectively. All chemicals used for
synthesis were of reagent grade and purchased from Sigma-Aldrich Chemical Company. All
sample solutions were prepared by using water that was distilled and then purified by a Millipore
purification system (Millipore Simplicity Ultrapure Water System). Buffer solutions were
prepared with reagent-grade materials (Fisher). The polymer stock solution was diluted with
buffer to a final concentration of 15 µM. All concentrations of polymers are provided in polymer
repeat unit concentration (PRU). A concentrated stock solution of biocytin-TMR and avidin was
prepared in buffer to obtain the desired concentrations. All assays were conducted in 1.0 mM
potassium phosphate buffer (pH 7.4).
Instrumentation
NMR spectra were recorded on either a Varian VXR 300 or Mercury-300 spectrometer and
chemical shifts are reported in ppm relative to TMS. Absorption spectra were obtained on a
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Varian-Cary 100 UV-visible absorption dual beam spectrophotometer, with a scan rate of 300
nm/min. Steady state fluorescence spectra were recorded on a spectrofluorometer from Photon
Technology International and corrected by using correction factors generated with a primary
standard lamp.
General Methods
Fluorescence quenching experiments were carried out by microtitration in a fluorescence
cuvette. In titration quenching experiments, 2 mL of polymer solution was placed in 1 cm
fluorescence cuvette. Then fluorescence spectra were repeatedly acquired after addition of
microliter aliquots of a concentrated solution that contained biocytin-TMR, avidin or pre-formed
biocytin-TMR/avidin complex.
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CHAPTER 5
META-LINKED POLY (PHENYLENE ETHYNYLENE) SULFONATE CONTAINING
PYRIDINE
Introduction
Many natural molecules self-assemble into different conformations in solution, such as the
helical, double-stranded form of DNA. These ordered conformations are stabilized by
noncovalent interactions including hydrogen bonding, hydrophobic, and van der Waals forces.138
The self-organization of nonbiological macromolecules has been challenged using the
noncovalent interactions. Folded structures induced by hydrogen bonds or metal-ligand
coordination interactions have been well understood;139-142 however, there are a few reports on
the solvophobic74, 77, 79, 143 or π-π interactions144, 145 used to control ordered conformations.
Supramolecular π-stacked assemblies have been observed in phenylene ethynylene
architectures bearing a flexible polar group substituted to a rigid, aromatic backbone. Figure 5-1
shows representative examples including hexameric macrocycles, para-linked rigid rod
segments, and the more conformationally diverse ortho- and meta-linked oligomers.146 For
example, hexameric macrocycles with appropriate side chains form stacked dimers and higher
order aggregates in solution due to π-stacking interactions.147 The strength of π-stacking
interactions has been known to be strongly dependent on solvent polarity.146 For meta-linked
oligo(phenylene ethynylene)s with a polar tri(ethylene glycol) ester-linked side chains they selfassemble into a π-stacked helical conformation in polar solvents due to solvophobic
interactions.75, 146 The conformational transition is monitored by absorption and fluorescence
spectroscopy.
Solvent-induced self-assembly of meta-linked PPEs into a helical conformation was also
reported in our group.79 On the basis of solvent effects on the spectroscopic properties, we
conclude a meta-linked poly(phenylene ethynylene) (PPE)-type CPE adopts a random coil
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Figure 5-1. Structures of phenylene ethynylene (PE) based macrocycle and oligomers used for
π-stacked self-assemblies. Figure was taken from Prest et.al.146

Figure 5-2. Schematic diagram illustrates the self-assembly of disk-shaped phenylene
ethynylene macrocycles (a) and oligomers (b). Figure was taken from Prest et.al.146

89

hanol and a helical
h
confoormation in water. As thhe amount off water in thee
conformaation in meth
mixture of
o the two so
olvent system
m increases, a long waveelength absoorption band is red-shifteed
with a deecrease in osscillator strenngth. A less intense, broaad, unstructuured and redd-shifted
emissionn is also obseerved in the fluorescence
f
e spectrum. These
T
spectrral changes are
a consistennt
with the spectra obtaained by Mooore and co-w
workers for helical
h
confoormations. Thhe changes arise
a
due to the π-stacking
g between phhenylene ethyynylene ringgs in the heliical conform
mation.
Additionnally, fluoresscence quencching is more strongly am
mplified in the
t helical coonformationn due
to the dellocalization of singlet exxciton in the helix.
A variety
v
of co
onjugated poolymers havee been studieed as chemossensory mateerials for an
ions, mettal cations an
nd acids. Coonjugated polymers with pyridine unnits in the bacckbone provvide
the possibility of tuniing their opttical propertiies by electroon acceptingg ability, N-pprotonation, Noxidationn, N-alkylatiion, and metaal complexaation of pyriddyl nitrogen.. Conjugatedd polymers
containinng 2,2′‐bipyrridyl and terppyridyl ligannds (Figure 5-3)
5 display changes in their
t
absorpttion
and fluorrescence ban
nds upon adddition of mettals.148, 149 Thhese changes arise due to the electroon
density changes
c
with
hin the polym
mer backbonne, when the polymers innteract with metal
m
ions.

Figure 5--3. Structurees of conjugated polymeers containinng bipyridyl and terpyriddyl ligands.
Figure waas taken from
m Wang et. al.
a and Kimuura et. al.148, 149
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Incorporation of meta substituents into poly(phenylene ethynylene) polymers backbone
improves the solubility and processability of the polymers.150 This incorporation also can modify
the molecular conformation of the polymers from a rigid rod-like conformation into a flexible
coil-like conformation. Winter et. al. reported that poly(pyridyl/phenyl ethynylene) polymers
showed different rigidity/flexibility depending on the ratio of para- to meta-pyridine linkages
within the polymer backbone (Figure 5-4).151 The polymer containing 100 % para-pyridine
linkages shows linear conformation. With increasing proportion of meta-pyridine linkages, the
linearity of the conformation decreased, and hence blue shift of the absorption and the emission
maximum was observed.

Figure 5-4. Structures of poly(pyridyl/phenyl ethynylene) polymers with varying ratios of para/meta-linked constitutional units. Figure was taken from Winter et.al.151
In 2004, Huang et. al. designed and synthesized a poly(p-phenylene ethynylnene)
derivative containing meta-substituted monopyridyl groups (Polymer 1 in Figure 5-5).152 The
polymer binds selectively with Pd2+ ions over other metal ions and forms interpolymer
interaction through the palladium-pyridyl coordination, resulting in fluorescence quenching.
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Three years later, Li et.al. reported a meta-poly(phenylene ethynylene) containing pyridine units
(m-PPY) (Figure 5-6) 153 The polymer undergoes a solvent-induced conformational transition
from an extended coil structure to a helical structure. Interestingly, the polymer also shows the
conformational change by protonation or complexation with a metal ion (Ag+).

Figure 5-5. Structures of a poly(p-phenylene ethynylnene) derivative containing metasubstituted monopyridyl groups. Figure was taken from Huang et.al.152

Figure 5-6. Structure of a meta-poly(phenylene ethynylene) containing pyridine units (m-PPY).
Figure was taken from Li et. al.153
In this chapter, we synthesized mPPE-SO3-py, which is a PPE-type CPE containing metalinked pyridine rings in the polymer backbone. The solvent-dependent conformational transition
of this polymer was studied by absorption and fluorescence spectroscopy. The incorporation of
the meta-substituted monopyridyl units can improve the spatial matching for selective binding.
The polymer shows a great affinity for the Pd2+ ion. The conformational change was also
observed upon protonation and metal complexation of the pyridine rings on the polymer
backbone.
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Results and Discussion
Synthesis
The synthesis of mPPE-SO3-py containing pyridyl units in the polymer backbone was
carried out with 2,6-pyridyldiacetylene (1) and sodium 3-(3,5-diiodophenoxy)propane-1sulfonate (2) under Sonogashira coupling conditions (Figure 5-7). The structure of the polymer
was characterized by using 1H NMR and 13C NMR in DMSO-d6.
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Figure 5-7. Synthesis of mPPE-SO3-py.
Photophysical Characterization
Previously, the water-methanol solvent system was used for the investigation of CPE
folding behavior.36, 79 The same solvent system was used to investigate solvent-induced helical
folding of mPPE-SO3-py. Table 5-1 summarizes the photophysical properties of the polymer.
The absorption spectrum of mPPE-SO3-py exhibits two featured absorption bands at 387 nm and
306 nm in methanol (Figure 5-8). With an increasing amount of water in the methanol-water
solvent mixture, the oscillator strength decreases. And a more pronounced decrease is observed
in the long wavelength band. Thus, the ratio of oscillator strength for 387 nm and 306 nm is
smaller in water than that in methanol. Additionally, the long wavelength band is red-shifted
from 387 nm to 396 nm. These spectral changes support that the polymer undergoes a randomcoil to a helix. The reduced oscillator strength and red-shifted bands (hypochromic effect) is
believed to arise due to π-stacking interactions in the helix conformation.
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Figure 5-8. Normalized absorption and emission spectra of mPPE-SO3-py (15 µM) in water,
methanol and mixture of the two solvents. λex = 390 nm.
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Table 5-1. Photophysical properties of mPPE-SO3-py
λmaxabs/nm
λmaxfl/nmb
Φfl

a

MeOH

306, 387

464, 680

0.015 ± 0.001a

H2O

310, 396

680

0.003 ± 0.0003a

Coumarine 30 in MeOH as standard, Φfl = 0.307 (ref.154).
The solvent-induced conformational change of the polymer is also supported by the

changes in the polymer fluorescence spectrum (Figure 5-8). In methanol the polymer
fluorescence (Φfl = 0.015) is characterized by a structured band centered at 464 nm with a weak
and very broad “excimer like” emission band around 680 nm. The fact that the structured
emission dominates in methanol solution suggests that the polymer exists mainly in a random
coil; however, the broad excimer like emission indicates that a fraction of the polymer exists in a
helical conformation even in pure methanol solution.80 Interestingly, as the amount of water
increases in the methanol-water solvent mixture, the intensity of structured emission is
significantly reduced. In water, the structured emission is completely quenched and the broad
emission is dominant (Φfl = 0.003). This is consistent with the changes in the absorption
spectrum. These spectral results suggest that the polymer predominantly exists in a random coil
conformation in methanol whereas the polymer is mostly folded into a helical conformation in
water.
Fluorescence Quenching of mPPE-SO3-py by Metal ions in water
The absorption and fluorescence spectra already showed that mPPE-SO3-py folded into a
helix by π-stacking interactions in water. In this helix, nitrogen atoms of the pyridine rings are
located inside the pore, whereas negatively charged side chains extend outside. Due to the good
complexation ability of pyridine nitrogen atoms inside the pore of the polymer helix, the
significant response of mPPE-SO3-py to various metal ions was expected. To investigate the
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interaction of the polymer with metal ions, aliquots of solutions of metal ions were added to the
polymer solution in water and then changes in the polymer fluorescence intensity were observed.
As seen in Figure 5-9, addition of Pd2+ metal ions to the polymer results in strong fluorescence
quenching with an excellent selectivity for Pd2+ over other metal ions. This quenching is
believed to arise due to a photo-induced electron transfer (PET) process or energy transfer (ET)
process.155 Cu2+, Fe3+ and Cr3+ slightly quench the polymer fluorescence compared to Pd2+
whereas Ni+ and Li+ does not show any quenching ability. Additionally, Ag+, Ca2+, Cd2+, Zn2+,
K+ and Mg2+ relatively enhanced fluorescence intensity compared with the fluorescence intensity
of the polymer in the absence of metal ions. Figure 5-10 shows the ratio of fluorescence
intensities for the absence (I0) and presence of 20 µM of metal ions (I).
Protonation and Metal Complexation with Pd2+
As shown in Figure 5-11, protonation does not lead to any effect on the absorption and
fluorescence spectrum of the polymer solution in water. The helical structured polymer shows
stability to introduction of HCl solution. However, mPPE-SO3-py in methanol undergoes a
significant reduction of oscillator strength in the long wavelength band. Thus, the ratio of
oscillator strengths for the 387 nm and 307 nm is smaller with an increasing concentration of
HCl solution. Additionally, with an increasing concentration of HCl solution the polymer
emission intensity decreases with appearance of the excimer like emission, which is typical of πstacked aromatic residues.156 These spectral observations suggest the conformation transition of
the polymer from a random-coil conformation to a helix structure in methanol by addition of HCl
solution.
The hypothesis of conformational transition is further supported by the response of mPPESO3-py to Pd2+ ions in methanol. Since a monopyridyl group has been known to exhibit a strong
affinity for Pd2+ ions and selectively bind by self-assembly,152 titration experiments of Pd2+
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Figure 5-9. Stern-Volmer plots for mPPE-SO3-py fluorescence quenching by metal ions in
water. λex = 400 nm and λem = 680 nm.

Figure 5-10. Fluorescence responses of mPPE-SO3-py to metal ions (20 µM) in water. I0 and I
represent the fluorescence intensity in the absence and presence of a metal ion. λex =
400 nm and λem = 680 nm.
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Experimental
Materials
2,6-Pyridyldiacetylene (1)158 and sodium 3-(3,5-diiodophenoxy)propane-1-sulfonate (2)79
were synthesized according to previously described procedures. Pd(PPh3)4 was purchased from
Strem Chemical Company and used as received. The solutions of metal ions were prepared from
their chloride salts, except for AgNO3, ZnBr2 and NiBr2. Except PdCl2, all metal sample
solutions were prepared by using water that was distilled and then purified by a Millipore
purification system (Millipore Simplicity Ultrapure Water System). A stock solution of PdCl2
was prepared in methanol. The polymer stock solution was diluted with water or methanol to a
final concentration of 15 µM. All concentrations of polymers are provided in polymer repeat unit
(PRU) concentration.
Instrumentation
NMR spectra were recorded on either a Varian VXR 300 or Mercury-300 spectrometer and
chemical shifts are reported in ppm relative to TMS. Absorption spectra were obtained on a
Varian-Cary 100 UV-visible absorption dual beam spectrophotometer, with a scan rate of 300
nm/min. Steady state fluorescence spectra were recorded on a spectrofluorometer from Photon
Technology International and corrected by using correction factors generated with a primary
standard lamp.
General Methods
Titration experiments were carried out in a fluorescence cuvette. In a typical titration
experiment, 3 mL of a polymer solution was placed in a 1 cm quartz fluorescence cuvette with a
small magnetic stir bar. The UV-visible absorption and fluorescence spectra were recorded at
room temperature. Then fluorescence and/or absorption spectra were repeatedly acquired
subsequent to the addition of microliter aliquots of a concentrated solution containing the
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quencher. The polymer is soluble in water and insoluble in methanol. For measurements in
methanol, stock solution of the polymer is diluted with methanol to a final concentration of 15
µM.
Synthetic Procedures
mPPE-SO3-py. A solution of 2,6-pyridyldiacetylene (1) (26 mg, 0.2 mmol) and sodium 3(3,5-diiodophenoxy)propane-1-sulfonate (2) (98 mg, 0.2 mmol) in 7 mL of DMF/H2O/iPr2NH
(v/v/v = 5/1/1) was placed inside a Schlenk flask. The resulting solution was degassed with
argon for 15 minutes. Then Pd(PPh3)4 (7 mg, 6 μmol) and CuI (1 mg, 6 μmol) powder were
added under the protection of argon. The solution was degassed with argon for 15 minutes and
then stirred at 60oC for 24 hours. The reaction mixture was poured into the 200 mL of acetone.
The precipitated polymer was dissolved in an aqueous solution containing NaCN and the
resulting solution was filtered through a 25 µm glass filter followed by dialysis against deionized
water using 6-8 kD MWCO cellulose membrane for 2 days. The polymer solution was
lyophilized to yield a brown solid (36 mg, 50%). 1H NMR (300 MHz, DMSO-d6) δ 2.09 (broad,
2H), 2.71 (broad, 2H), 4.20 (broad, 2H), 7.82-7.89 (broad, 6H). 13C NMR (75 MHz, DMSO-d6) δ
25.30, 48.15, 68.23, 85.79, 93.95, 112.99, 117.32, 122.46, 127.28, 137.89, 142. 92, 153. 47.
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CHAPTER 6
POLY (PHENYLENE ETHYNYLENE) WITH TETRA ALKYLAMMONIUM SIDE GROUPS
FOR LIGHT-INDUCED BIOCIDAL ACTIVIY
Introduction
Antimicrobials have gained interest in various areas, such as medical devices, healthcare
products, water purification systems, hospital, dental office equipment, food packaging, food
storage, household sanitation, etc.159, 160 because contamination by microorganisms such as
bacteria is a great concern in those areas. Antimicrobials are materials capable of killing
pathogenic microorganisms.161 Conventionally, such antimicrobial materials have been usually
prepared by incorporation of leachable antiseptic into a polymeric surface matrix. Antimicrobials
are gradually released and kill the microorganism by diffusing into and disrupting the cell.162
Typical leaching microbial materials contain antibiotics, halogens or heavy metals like silver or
mercury. However, these conventional antimicrobial reagents have the limitation of residual
toxicity since they are liquids or gases of low molecular weight. Antimicrobial reagents of low
molecular weight also suffer from short-term antimicrobial activity as the leachable components
eventually become exhausted. Furthermore, the gradually decreasing level of the released
compound leads to subinhibitory concentration of antimicrobials in the surrounding, which
provides conditions for resistance development of bacteria.
To overcome these disadvantages of conventional antimicrobials, polymeric materials with
antimicrobial activities have been suggested as an alternative. Previous studies have shown that
cationic polymers with pendant cationic groups, especially quaternary ammonium salts possesses
effective antimicrobial activity.163-166 Tilter et al. have found that immobilized cationic groups on
the surface of glass or SiO2-coated plastic kill bacteria on contact.167, 168 The biocidal polymers
are covalently immobilized onto the surface of substrates, which prevents uncontrolled material
release to the environment and enables them to be reused after cleaning.163, 165, 169, 170
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The antibacterial ability of the cationic polymers has been attributed to penetration of
cationic groups into bacteria membrane resulting in the cell damage and death. The following
sequential steps have been proposed for this mechanism: (1) adsorption of cationic groups onto
negatively charged cell surfaces; (2) penetration into the cell wall; (3) binding to the cytoplasmic
membrane; (4) disruption of the cytoplasmic membrane; (5) release of K+ ions and constituents
of the cytoplasmic membrane; and (6) death of the cell.163, 171, 172
Increasing bacteria resistance to antibiotics requires the development of new antibacterial
strategies. Photodynamic killing of bacteria is one of new promising strategies. It utilizes light
with a photosensitizer to induce a phototoxic reaction, which is identical to the use of
photodynamic therapy for skin.173-175 A large number of compounds with photodynamic activity
such as phenothiazines, phthalocyanines and phophyrins have been used as light induced
biocides against Gram-positive and Gram-negative bacteria.176-179 Light absorption by a
photosensitizer initiates photosensitization mechanism. Absorbed light excites a photosensitizer
to an excited state and the excited photosensitizer undergoes an intersystem cross-over to the
excited state. From the excited stated photosensitzer either charge (type I reaction) or energy
(type II reaction) is transferred to substrate or molecular oxygen to generate reactive oxygen
species (Figure 6-1). In photodynamic actions, singlet oxygen (1O2) is considered to play a
crucial role via type II reaction since this reactive form of oxygen initiates further oxidative
reaction of its surroundings such as cell wall, lipid membranes, enzymes or nucleic acids.180-184
Therefore, photodynamic inactivation of bacteria is based on the concept that a photosensitizer
can accumulate in significant amount in or at the cytoplasmic membrane, which is the critical
target to induce an irreversible damage in bacteria after irradiation.176
Lu et. al. previously showed that a cationic conjugated polyelectrolyte (CPE) with
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quaternary ammonium groups (PPE-NMe3-OR8) exhibited light-activated biocidal activity
against Gram-negative bacteria such as Escherichia coli (E. coli) and Gram-positive bacterial
spores such as Bacillus anthracis (B. anthracis).89 These studies were carried out with an
aqueous solution of the polymer and microsphere-coated suspension of the polymer. Due to
limited water solubility of CPEs, they spontaneously coat oppositely charged surfaces close to
monolayer coverage.22, 185, 186 The coating is irreversible, robust and stable both in the presence
and absence of interfacial water. As seen in phase contrast and fluorescent microscope images
(Figure 6-2), PPE-NMe3-OR8 is taken by both bacteria and the polymer coated on the bacteria or
spores shows strong fluorescence. The polymer coated on the bacteria effectively kills bacteria
upon irradiation with white light. In contrast to under white light, there is little or no biocidal
activity under yellow light.

Figure 6-1. Pathway of type I and Type II reaction of light absorbing photosensitizer. After light
activating of the ground state of photosensitizer (PS), activated form of PS* can
follow two alternative pathways via reactive singlet oxygen (1O2), hydrogen peroxide,
hydroxyl radical (type II) or organic substrate (S) (type I). The intermediates react
rapidly with their surroundings: cell wall, cell membrane, peptides and nucleic acids.
Figure was taken from Maisch et al.187
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Figure 6-2. Structure of PPE-NMe3-OR8 and phase contrast and fluorescent microscope images
of polymer-treated E.coli (upper panel) and polymer-treated B. anthracis Sterne
spores (lower panel). Figure was taken from Lu et al.89
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In this chapter, we designed and synthesized a series of cationic CPEs with backbones
based on a poly(phenylene ethynylene) repeat unit and tetraalkylammonium side groups. The
biocidal activity of the CPEs and surface grafted conjugated polymer (SGCP) beads with the
same repeat unit as PPE-NMe3-OR11188 was examined. The biocidal effects of the CPEs were
tested against two Gram negative bacteria: Cobetia marina, a marine bacterium and
Pseudomonas aeruginosa strain PA01, a model pathogen. Such biocidal activity is correlated
with the photophysical properties of the cationic polymers. Therefore, the photophysical
properties of the polymer were studied in solution. We investigated the role of oxygen in the
light induced bacterial killing and proposed a mechanism in the biocidal action of the CPEs. The
structures of CPEs used for this study are given in Figure 6-3.

Figure 6-3. Structures and acronyms of cationic conjugated polyelectrolytes investigated in this
study.
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Results and Discussion
Synthesis
Figure 6-4 illustrates synthesis of the monomers used to synthesize the polymers. 2,5Diiodohydroquinone 3 was synthesized according to the literature procedure.30 Compounds 4a
and 4b were obtained by deprotonation of 2,5-diiodohydroquinone 3 with K2CO3 and subsequent
alkylation with 1,3-dibromopropane and 1,6-dibromohexane, respectively. Subsequently,
pendant groups were quaternized with trimethylamine (25 wt. % in water) in a mixture of
H2O/ethanol/ acetone (v/v/v/ =2/3/3) to give the desired cationic monomer 5a and 5b in 85%
yield. Phenylenediacetylene 9 was made by Sonogashira coupling of trimethylsilylacetylene
(TMSA) with compound 8. The silyl protecting groups were next removed with TBAF. The
synthesis of 2,5-diethynylthiophene 12 was accomplished by using procedures analogous to
those described for the phenyl derivatives.189 The reaction of 2,5-dibromothiophene with TMSA
resulted in the formation of compound 11 in 56% yield. Deprotection of the two silyl protecting
groups was accomplished by treatment of with dilute KOH in degassed methanol. 2,5Diethynylthiophene 12 was isolated as yellow oil in 73% yield after extraction with pentane.
Compound 12 was immediately used for polymerization because it was unstable in air or light.
As shown in Figure 6-5, the polymers studied in this chapter were synthesized by
polycondensation between bifunctional monomers under Sonogashira coupling conditions.
PPE4+116 and PPE-NEt3-OR11188 were prepared according to literature procedures.
Polymer Characterization
1

H NMR and pulse gradient echo (PSGE) NMR
All polymers were dried by lyophilization technique. They are soluble in water, methanol

and DMSO. The structures of all polymers were confirmed by 1H NMR. Due to their limited
solubility, only partial 13C NMR was obtained at 54.606 ppm (ammonium methyl groups). The
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Figure 6-4. General synthetic scheme for monomer 5, 9 and 12.
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Figure 6-5. General synthetic scheme for polymer 13a, 14 and 16.
molecular weight of only PPE-NMe3-OR8 (Mn = 53, 600) was determined by pulsed gradient
spin echo (PSGE) NMR technique, in proton spectra.79, 190-192
Photophysical Characterization
UV-vis and fluorescence spectroscopy
Poly(phenylene ethynylene) (PPE)-type CPEs typically absorb strongly in the violet region
(λ ~ 400 – 450 nm) and strongly fluorescence in the blue or green regions (λ ~ 450 – 550 nm).
The absorption and fluorescence of CPEs are strongly solvent-dependent due to aggregation of
the polymer chains in different environments (Figure 6-6).
PPE-NMe3-OR8. PPE-NMe3-OR8 exhibits an absorption band with λmax = 414 nm in
methanol and λmax = 417 nm in water. The fluorescence emission spectrum of the polymer is
solvent-dependent. In methanol (a “good” solvent), the polymer features a narrow emission band
with λmax = 460 nm with a shoulder at 500 nm. In water (a “poor” solvent), the emission band is
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Figure 6-6. Absorption and emission spectra of CPEs in methanol and water. The spectra are
normalized according to extinction coefficients (absorption) and relative quantum
yield efficiency (emission).
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red- shifted to λmax = 500 nm and the relative fluorescence quantum efficiency is lower. The
solvent-dependent fluorescence behavior is attributed to aggregation of the polymer chains in
water and consequent domination of the fluorescence by interchain excitons (analogous to
excimer).188
PPE-NMe3-Th. As seen in Figure 6-6, a methanol solution of the polymer exhibits a broad
absorption band with λmax at 422 nm. In water, the absorption maximum red-shifts to 432
nm and also the absorption extinction coefficient decreases. The emission properties are more
dependent on the nature of the solvent. In methanol, the polymer exhibits a narrow emission
band at λmax = 475 nm with a vibronic band at λmax = 502 nm. In aqueous solution, the emission
band becomes broader and the quantum efficiency (Φfl = 0.016) is lower than that in methanol
(Φfl = 0.045). Interestingly, the emission maximum is at the same position as in methanol (475
nm) with a shoulder at 502 nm. Such behavior is different from other PPE-based CPEs, which
exhibit a large red-shift of emission band in a poor solvent. The lack of a spectral shift for PPENMe3-Th likely is due to the fact that the aggregated state of the polymer has a much lower
quantum yield, and therefore its contribution to the total emission spectrum is small.
PPE4+. The photophysical properties of PPE4+ were previously studied and reported in
the literature.116
PPE-C6-NMe3-OR8. As shown in absorption spectrum of other cationic CPEs, the
absorption maximum band of PPE-C6-NMe3-OR8 undergoes a very clear red-shift from 432 nm
to 450 nm in water. In methanol the fluorescence is strong and it features a structured band at
λmax = 467 nm with a shoulder at 500 nm. In water, the quantum efficiency of the polymer
decreases and a new red-shifted and broad band appears at 505 nm.
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Transient absorption spectroscopy
Molecular oxygen has the relatively small energy difference (94.2 kJ/ mol) between its
ground state (3Σ -g and excited state (1Δg), and thus singlet oxygen (1O2 (1Δg)) can be produced
by energy transfer from the lowest triplet state of sensitizers (CPEs) to molecular oxygen. Since
the triplet state of CPEs plays an important role in singlet-oxygen generation, transient
absorption spectroscopy was utilized to investigate the triplet states of the non-phosphorescent
cationic CPEs 13-16. Direct excitation of PPE-based conjugated polymers produces a triplet state
(triplet exciton) with a moderate efficiency.193-195 The triplet state is typically detected by its
characteristic long-lived transient absorption in the red of the visible region. As shown in Figure
6-7, the triplet states of cationic CPEs 13-16 were confirmed by a broad, intense transient
absorption band centered at λmax ~ 760 nm which is quite similar to other PPE-based CPEs. A
lower lifetime of the transient absorption is observed in methanol compared to that in water. The
spectral appearance and long lifetime provide strong evidence that the transient species is due to
the triplet states of the cationic CPEs. The lower intensity of transient absorption in water
suggests that the triplet yield is lower than that in methanol. Such a lower triplet yield in water
can be explained by aggregation of the CPEs, resulting in quenching of the singlet states of CPEs.
This result is consistent with reduced fluorescence intensities of CPEs in water compared to in
methanol.
Singlet Oxygen Production
The transient absorption results indicate that direct excitation of the cationic CPEs 13-16
affords a triplet state in a moderate yield. Therefore, we expected that these CPEs could sensitize
singlet oxygen (1O2) according to the pathway shown in Figure 6-8. Such singlet oxygen
sensitization by the cationic CPEs 13-16 was investigated in CD3OD by monitoring the emission
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Figure 6-7. Transient absorption spectrocopy of cationic CPEs in methanol and water. The
Spectra of PPE-NMe3-OR8 and PPE4+ were obtained on the laser system described
in ref.196 and those of PPE-NMe3-Th were obtained in the system described in
ref.197.
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at 1260 nm, which results from the deactivation of singlet oxygen (Figure 6-9). Solvents
containing O-H bonds quench the singlet oxygen emission to great extent since the terminal
bonds of the solvents absorb the near-infrared emission according to the respective energies of
the highest fundamental vibration of that bond.198 Therefore, solvents containing heavier atoms
in the terminal bonds were used for this study. The concentration dependence of the 1O2 emission
was investigated by varying the polymer concentration and a linear correlation was observed
between the polymer concentration and the 1O2 emission intensity. The quantum yield of
sensitized 1O2 emission199 by the CPEs in CD3OD was determined using 2’-acetonaphthone as a
reference (ΦΔ = 0.79).200 The quantum yields of singlet oxygen generation from the CPEs are
presented in Table 6-1. This observation clearly indicates that PPE-type CPEs are able to
sensitize 1O2 with moderate efficiency.
Table 6-1. Photophysical properties of cationic CPEs
λmax fl/nm
λmax abs/nm
PPE-NMe3-OR8

PPE-NMe3-Th

PPE-4+

PPE-C6-NMe3-OR8

Φfl

ΦΔc

MeOH

414

460

0.285 ± 0.02a

0.130 ± 0.02d

H2O

417

500

0.106 ± 0.01a

0.069 ± 0.004d

MeOH

422

475, 502

0.045 ± 0.004a

0.112 ± 0.008d

H2O

432

475, 502

0.016 ± 0.001a

0.037 ± 0.001d

MeOH

422

441

0.15 ± 0.01 b

0.091 ± 0.005d

H2O

394

436

0.047 ± 0.004b

0.320 ± 0.039d

MeOH

432

467

0.239 ± 0.02a

0.079 ± 0.007d

H2O

450

505

0.131 ± 0.01a

-

a

Coumarin 30 in MeOH as standard, Φfl = 0.307 (ref.154). b From ref.116. c Quntaum yield of
singlet oxygen. d Oxygen atmosphere.
Since the biocidal experiments were carried out in aqueous solution, the same experiments
were carried out in D2O to provide evidence that the cationic PPE-type CPEs will sensitize 1O2 in
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water. However, near-infrared emission spectroscopy did not afford any detectable emission
from 1O2 in D2O. This is likely due to the fact that the quantum efficiency for 1O2 emission is
considerably less in D2O, making it more difficult to detect in this medium.201 Thus, a second
approach was used to detect the sensitization of 1O2 by the polymer. This method is based on the
use of a water-soluble chemical trap, 1,3-cyclohexadiene-1,4-diethanoate (CHDDE), which
forms a stable endoperoxide when it reacts with 1O2 (Figure 6-10).201 In these experiments
disappearance of CHDDE was monitored by decrease of its absorption at 270 nm as a function of
irradiation time (Figure 6-11). The quantum yields of singlet oxygen generation were determined
following a literature procedure using 5,10,15,20-tetrakis(4-sulfonatophenyl)-porphyrin (TPPS)
as a reference (ΦΔ = 0.66).201 This result confirms that the production of 1O2 is sensitized in
water, but with reduced efficiency compared to that in methanol. The decreased efficiency is
consistent with the photophysical experiments which show that the triplet yield of the CPEs is
lower in water relative to methanol, presumably due to quenching of the singlet excited state by
aggregation. The maximum absorption band for PPE-C6-NMe3-OR8 is reduced with the 1O2
generation and hence the quantum efficiency for 1O2 emission is not obtained in D2O.
Biocidal Activity.
In collaboration with Dr. Whitten and his co-workers at the University of New Mexico, the
biocidal activity of the cationic CPEs was studied using silica particles with surface grafted
conjugated polyelectrolyte (SGCP) 13b. For live-dead assays of bacteria exposed to the CPEcoated particles in the light and dark, suspensions of CPE-coated particles, bacteria and two
DNA stains, SYTO-60 and SYTOX Green stains were examined by confocal fluorescence
microscopy. SYTO 60 is a red fluorescent (~650 nm) nucleic acid stain that is cell permeant and
used to stain both live and dead cells. SYTOX Green is a green-fluorescent (~ 530 nm) nuclear
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Figure 6-10. Peroxidation of CHDDE by singlet oxygen (1O2).

Figure 6-11. UV-visible spectra of CHDDE (100 μM) and PPE-NMe3-OR8 (2 μM), PPE-NMe3Th (10 μM), PPE-4+ (2 μM) or PPE-C6-NMe3-OR8 (2 µM) in D2O solution
containing phosphate buffer (100 μM, pH 7) as a function of the irradiation time.
Inset: decrease of absorbance at 270 nm (%) as a function of irradiation time.
and chromosome counterstain that is impermeant to live cells but stains the chromatin of dead
cells with comprised membranes, indicating cell death. Figure 6-12 shows that C. marina is
captured by the particles and several (7–12) bacteria associate with a single particle. As shown in
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Figure 6--12. Images of single SG
GCP-particlee with captured bacteria.. Data from ref.
r 202,
experimen
nts were donne at the Uniiversity of New
N Mexico..
Figure 6--13(b), irradiiation of the suspensionss containing particles, baacteria and dyes
d
induce to
t
form a clluster of partticles and baacteria. And most of bactteria in the cluster
c
are deead and greeen
fluoresceence from the dye (SYTO
OX Green) is
i dominant on
o the confoocal fluoresccence image.
Livve/dead coun
nting assays were perforrmed from thhe confocal fluorescence
f
e images to
quantify the dead/live ratio underr various connditions (Figgure 6-14). Light-expose
L
ed suspensioon in
ambient air
a shows a small
s
increaase in the num
mber of deadd bacteria coompared to suspension
s
inn the
dark. How
wever, suspeensions purgged with oxyygen and irraadiated with visible lightt displays larrge
increasedd dead/live ratio. In conttrast, deoxyggenated suspensions exhiibit low deadd/live ratio both
b
in dark annd when irraadiated. Thiss observationn clearly inddicates the roole of oxygenn in biocidall
activity.
Mechaniism for Bioccidal Activitty
Figgure 6-15 sum
mmarizes thhe possible mechanism
m
o biocidal acction. First, CPE-coated
of
C
particles adhere to baacteria cell wall
w and theyy bind to the inner bacterria membranne (i). Seconnd,
oduced at thee polymer/baacteria interfface after irraadiation of thhe polymer (ii
singlet oxxygen is pro
and iii). The
T singlet oxygen
o
or suubsequently produced reactive oxygeen intermediiates interactt
with bactteria resultin
ng in bacteriaa death (iv). Finally, baccterial remainns during thee physical
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Figure. 6-13. Confoccal fluoresceence images of SGCP-133b with C. marina
m
in am
mbient air. a)
Before irrradiation, b) after irradiaation and c) a large field of view. Lefft panels shoow
green chaannel correspponding to dead
d
bacteriaa and polymeer emission; right panelss
show red channel corrresponding to
t live bacteria. Data froom ref. 202, experimentss
were donee at the Univversity of Neew Mexico.
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Figure 6-14. Dead/live ratios of C. marina exposed to 5 µm SGCP-13b under various conditions.
Data from ref. 202, experiments were done at the University of New Mexico.

Figure 6-15. Mechanism of biocidal action.
destruction of the bacteria form large clusters of dead bacteria and particles shown in
Figure 6-13 (b) and Figure 6-15 (v).
The biocidal activity experiments show that the deaerated suspensions of bacteria and
CPE-coated particles induce little bacterial death in the dark and when irradiated. On the
contrary, the suspensions that were oxygenated and irradiated result in more pronounced
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bacterial death. This clearly proves efficient light-induced biocidal activity of CPE-coated
particles and the role of oxygen in the biocidal action. As mentioned before, photophysical
studies of CPEs show that direct excitation of CPEs produces efficiently a long-lived triplet
excited state (exciton) with a moderate yield, and the triplet state can sensitize singlet oxygen.
Oxygen is required for the light-induced biocidal activity. These results suggest that singlet
oxygen generated on the CPE/bacteria interface is the key role in the light-induced biocidal
activity.
Experimental
Materials
Polymer 15,116 and 1,3-cyclohexadiene 1,4-diethanoate (CHDDE)203 were synthesized
according to literature procedures. 2′-Acetonaphthone and 5,10,15,20-tetrakis(4sulfonatophenyl)porphyrin (TPPS) were purchased from J. T. Baker and Sigma-Aldrich
Chemical Company, respectively. CPE-coated particles were prepared according to procedures
described in the previous literature.188
Instrumentation
1

H and 13C NMR spectra were recorded on either a VXR 300 or Varian Mercury-300

spectrometer and chemical shifts are reported in ppm relative to TMS. UV-vis absorption spectra
were obtained with samples contained in a 1 cm quartz cuvette on a Varian Cary 100
spectrometer. Steady state fluorescence emission spectra were recorded on a PTI (Photon
Technology International) fluorometer and corrected by using correction factors generated with a
primary standard lamp. Transient absorption spectra were collected using laser systems that are
described elsewhere.196, 197 The polymer solutions were prepared in water or methanol, and
purged with argon for 30 min before each transient absorption measurement. Steady-state nearIR phosphorescence spectra recorded on SPEX-2 fluorescence spectrophotometer equipped with
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an Indium-Gallium-Arsenide (InGaAs) detector. A long pass filter (LP850) was placed before
the emission monochromator to eliminate UV and visible light.
General Methods
Singlet Oxygen Phosphorescence Quantum Yield. Oxygen gas was bubbled into
CD3OD solutions of CPEs in the dark for 15 min with stirring. The oxygen-saturated polymer
solutions were excited at 336 nm and steady-state near-IR phosphorescence spectra recorded.
The singlet oxygen quantum yield of a sample can be calculated by the Eq. 6-1.199
Φ Δs =

Ir IΔs τ r
Φ Δr
Is IΔr τ s

(6-1)

where Is and Ir are the absorbed incident light, IΔs and IΔr are the integrated singlet oxygen
emission intensities of the sample (CPEs) and the reference (2´-acetonaphthone), respectively, τs
and τr are the singlet oxygen phosphorescence lifetime in the reference and the sample solvents,
and ФΔr is the singlet oxygen quantum yield (ΦΔ = 0.79)200 of the reference compound.
Quantum Yields of Singlet Oxygen Generation by Chemical Trap. Oxygen gas was
bubbled into aqueous (D2O) solutions containing CHDDE (100 μM), phosphate buffer (100 μM,
pH 7.0), and CPEs in the dark for 15 minutes with stirring. Solutions were irradiated at 365 nm
with stirring using a xenon short arc lamp equipped with a monochromator. Duration of
irradiation was recorded and UV-visible spectra collected on Cary 100 UV-Vis
Spectrophotometer. The disappearance of CHDDE was monitored as a decrease in absorption at
270 nm. The quantum yields of singlet oxygen generation were determined following Eq. 6-2
using 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin (TPPS) as a reference (ΦΔ = 0.66).201

Φs = Φr ×

tr
ts

(6-2)
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where tr and ts are irradiation time to induce the oxidation of the same amount of CHDDE and
CPEs, respectively, and Фr is the singlet oxygen quantum yield of the reference compound
(TPPS). The irradiation time for 10 % loss of CHDDE absorbance at 270 nm was obtained from
the linear plots for both TPPS and for CPEs. And then the quantum yield singlet oxygen
generation by CPEs is calculated.
Synthetic Procedures
2, 5-Diiodohydroquinone (3). This compound was synthesized using a literature
procedure30 modified for easier work-up. 2,5-Diiodo-1,4-dimethoxybenzene (4.64 g, 11.9 mmol)
was dissolved in dry CH2Cl2 (100 mL) in a three-necked flask fitted with a condenser and
additional flask. The solution was cooled to -78 ℃ in a dry ice-acetone bath. Boron tribromide
(2.24 mL, 23.8 mmol) solution in CH2Cl2 (20 mL) was added slowly. After addition, the mixture
was warmed to room temperature and stirred for 24 hours. The resulting solution was hydrolyzed
by mixing with 150 mL of water. After addition of water, a white powder was formed and it was
recrystallized in benzene. (yield: 3.87 g, 9.87 mmol, 83%). 1H NMR (300 MHz, acetone-d6): δ
7.28 (s, 2H), 8.98 (s, 2H).
1,4-Bis(3-bromopropoxy)-2,5-diiodobenzene (4a). 1,3-Dibromopropane (4.69 g, 23.22
mmol), K2CO3 (5.35 g, 38.7 mmol), and acetone (150 mL) were added to a three-neck, round
bottomed flask equipped with a condenser and an additional flask. 2,5-Diiodohydroquinone (1.4
g, 3.87 mmol) was dissolved in 150 mL of acetone and added dropwise to the mixture solution at
70 ˚C. The reaction was stirred overnight and cooled to room temperature. K2CO3 was removed
by filtration through Celite and the solvent was removed. The resulting solid was dissolved in
chloroform and washed with 10 % NaOH, water, and saturated NaCl solution. The organic layer
was dried with sodium sulfate, filtered and concentrated. The resulting solid was crystallized
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from ethylacetate and hexane. The white solid was dissolved in hot ethanol and insoluble solid
was removed using hot filtration. The solution was concentrated to yield a white solid (2 g, 82
%). 1H NMR (300 MHz, CDCl3): δ 2.29 (m, 4H), 3.70 (t, 4H), 4.09 (t, 4H), 7.32 (s, 1H).
1,4-Bis(6-bromohexyloxy)-2,5-diiodobenzene (4b). This compound was synthesized
using the same procedure described for compound 4a except replacing 1,3-dibromopropane with
1,6-dibromohexane (Yield: 80%). 1H NMR (300 MHz, CDCl3): δ 1.52 (m, 8H), 1.87 (m, 8H),
3.41 (t, 3H), 3.92 (t, 4H), 7.17 (s, 1H).
3,3'-[(2,5-Diiodo-1,4-phenylene)bis(oxy)]bis[N,N,N-trimethylpropan-1-aminium] (5a).
Compound 4 (1.56 g, 2.47 mmol) was suspended in 25 % trimethylamine in water (80 mL),
ethanol (120 mL), and acetone (120 mL) and heated to 120 ˚C. The reaction was refluxed
overnight. The solvent was removed and the white solid recrystallized from ethanol to yield 1.52
g (85 %). 1H NMR (300 MHz, CD3OD): δ 2.26 (m, 4H), 3.15 (s, 18H), 3.57 (m, 4H), 4.04 (t,
4H), 7.30 (s, 1H).
3,3'-[(2,5-Diiodo-1,4-phenylene)bis(oxy)]bis[N,N,N-trimethylpropan-1-aminium] (5b).
This compound was synthesized using the same procedure described for compond 5a except
replacing compound 4a with compound 4b (Yield: 91%). 1H NMR (300 MHz, CD3OD): δ 1.36
(m, 12H), 1.72 (m, 4H), 3.06 (s, 18H), 3.26 (m, 4H), 3.89 (t, 4H), 7.21 (s, 1H).
1,4-Diiodo-2,5-bis[2-(2-methoxyethoxy)ethoxy]benezene (8). 2,5-Diiodohydroquinone
(2.00 g, 5.53 mmol) and diethylene glycol monomethyl ether p-toluenesulfonate (6.07 g, 22.12
mmol) in 120 mL of methylethylketone was placed under argon. To this solution K2CO3 (3.06 g,
22.12 mmol) and KI (0.09 g, 0.55 mmol) was added. The reaction mixture was refluxed at 100
˚C for 48 hours and then cooled to room temperature. The solvent was removed and the solid
was dissolved in CH2Cl2 (200 mL), followed by washing with 100 mL of 10 % KOH solution,
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water, and saturated NaCl solution. The organic layer was dried with sodium sulfate and
concentrated to give a gold color oil. Flash chromatography on silica gel (80 % CH2Cl2/ 10 %
hexane/ 10% ethyl acetate) yielded a white solid (1.35 g, 43 %). 1H NMR (300 MHz, CDCl3): δ
3.40 (s, 6H), 3.58 (m, 4H), 3.78 (m, 4H), 3.88 (m, 4H), 4.11 (m, 4H), 7.23 (s, 2H). 13C NMR (75
MHz, CDCl3): δ 59.5, 69.9, 70.7, 71.4, 72.4, 86.7, 123.8, 153.4.
1,4-Bis(trimethylsilyl)ethynyl-2,5-bis[2-(2-methoxyethoxy)ethoxy]benezene (9a).
Schlenk flask equipped with compound 8 (1.29g, 2.27 mmol), CuI (0.013 g, 0.068 mmol), and
Pd(PPh3)4 (0.052 g, 0.045 mmol) was placed under argon. And then 20 mL of toluene and 40 mL
of diisopropylamine were added and argon bubbled through the solution for 30 minutes. To this
solution, (trimethylsilyl)acetylene was added and the solution stirred at 70 ˚C for 3 days. The
solvent was removed and the residue was dissolved in CH2Cl2 and filtered through one-inch
silica gel using ethyl acetate. The filtrate was concentrated and purified by flash chromatography
on silica gel (8 % CH2Cl2/ 67 % hexane/ 25% ethyl acetate) to yield a gold oil, which solidified
slowly at room temperature (0.87 g, 76 %). 1H NMR (300 MHz, CDCl3): δ 0.25 (s, 18H), 3.93
(s, 6H), 3.56 (m, 4H), 3.77 (m, 4H), 3.80 (t, 4H), 4.17 (t, 4H), 6.92 (s, 2H).
1,4-Diethynyl-2,5-bis[2-(2-methoxyethoxy)ethoxy]benezene (9b). A two-necked flask
with compound 9a (0.8 g, 1.58 mmol, 1 eq.) and methanol (45 mL) was placed and argon
bubbled through the solution for 30 minutes. Tetrabutylammonium fluoride (1M in THF, 3.79
mL) was then added to the flask under the argon and the mixture was stirred at room temperature
for 9 hours. The solvent was removed and the solid was purified by flash chromatorgraphy on
silica gel (5% methanol/95% methylene chloride) to yield a light yellow solid (0.42 g, 1.16
mmol, 73%). 1H NMR (300 MHz, CDCl3): δ 3.32 (s, 2H), 3.39 (s, 6H), 3.55 (m, 4H), 3.74 (m,
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4H), 3.86 (t, 4H), 4.15 (t, 4H), 7.00 (s, 2H). 13C NMR (75 MHz, CDCl3): δ 59.4, 69.9, 69.9, 71.3,
72.4, 79.9, 83.1, 113.9, 118.6, 154.4.
2,5-Bis((trimethylsilyl)ethynyl)thiophene (11). 2,5-Dibromothiophene (4.00 g, 16.53
mmol), CuI (0.38 g, 1.98 mmol), Pd(PPh3)2Cl2 (0.69 g, 0.98 mmol), and 120 mL of
diisopropylamine were placed in a Schlenk flask and the solution was degassed with stirring for
30 min under ice-bath by bubbling argon gas. To this solution, (trimethylsilyl)acetylene (6.49 g,
66.12 mmol) was added. The solution was stirred under an ice-bath for 1 hour. Temperature was
raised to room temperature and the mixture was kept stirring for an additional 1 hour. The
resulting solution was heated to 75 ˚C and stirred for 20 hours. The solvent was removed and the
solid was purified by flash chromatography on silica gel with hexane to yield a yellow solid 7
(2.54 g, 55.5 %). 1H NMR (300 MHz, CDCl3): δ 0.24 (s, 18H), 7.04 (s, 2H).
2,5-Diethynylthiophene (12). To a suspension of compound 7 (0.4 g, 1.45 mmol) in
deoxygenated methanol (20 mL) was added 0.1 mL of 0.5 M aqueous KOH solution. The
mixture was stirred at room temperature under argon for 40 min. The solution was diluted with
water (50 mL) and extracted with n-pentane (2 x 50 mL). The combined organic solution was
dried over Na2SO4 and the solvent was removed at reduced pressure to yield a viscous oil 8 (0.14
g, 73 %). 1H NMR (300 MHz, CDCl3): δ 3.32 (s, 2H), 7.09 (s, 1H). 13C NMR (75 MHz, CDCl3):
δ 132.6, 123.6, 82.1, 76.2.
PPE-NMe3-OR8 (13a). Compound 5 (0.1 g, 0.14 mmol), compound 10 (0.05 g, 0.14
mmol), DMF (5 mL), and water (5 mL) were placed into a Schlenk flask and degassed with
argon for 30 min. In a separate flask, CuI (1 mg, 0.005 mmol) , Pd(PPh3)4 (4.8 mg, 0.004 mmol),
DMF (2.5 mL), and triethylamine (2.5 mL) were degassed with argon for 30 minutes and added
to the degassed solution containing compound 5 and compound 10. The reaction mixture was
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stirred at 60 ˚C for 22 hours. The DMF solution was added to 200 mL of acetone to form a
precipitate. The collected yellow precipitate was dissolved in an aqueous solution containing
NaCN, filtered using a 25 μm glass filter, and followed by dialysis against deionized water using
6-8 kD MWCO cellulose membrane for 2 days. The polymer solution was lyophilized to yield a
dark yellow solid (72 mg, 62 %). 1H NMR (300 MHz, CD3OD): δ 2.54 (b, 4H), 3.16 (s, 18H),
3.39 (s, 6H), 3.53 (b, 4H), 3.65 (b, 8H), 3.89 (b, 4H), 4.26 (b, 4H), 7.25 (b, 4H).
PPE-NMe3-Th (14). A solution of compound 5a (100 mg, 0.15 mmol), CuI (4 mg, 0.02
mmol), and Pd(PPh3)4 (10 mg, 0.01 mmol) in 8.5mL of DMF/H2O/(iPr)2NH (v/v/v/ = 9/6/2) was
deoxygenated with argon for 30 minutes. Then, compound 12 was added to the mixture solution
under argon. The resulting solution was heated at 70 ˚C for 22 hours. The reaction mixture was
poured into 200 mL of acetone. The precipitate was dissolved in small amount of Millipore water
and treated with NaCN, filtered using a 25 μm glass filter and followed by dialysis against
deionizer water using 6-8 kD MWCO cellulose membrane for 2 days. The polymer solution was
lyophilized to yield a yellow-tan solid (46 mg, 51 %). 1H NMR (300 MHz, CD3OD): 2.38 (br,
4H), 3.21 (br, 18H), 3.63 (br, 4H), 4.22 (br, 4H), 7.23 (br, 2H), 7.33 (br, 2H).
PPE-C6-NMe3-OR8 (16). This polymer was synthesized in the same procedure described
for PPE-NMe3-OR8 (13a) using compound 5b (78 mg, 0.1 mmol), compound 9b (36 mg,
0.1mmol). Yield: 45 mg, 49%. 1H NMR (300 MHz, DMSO-d6): δ 1.37 (br, 18H), 3.05 (s, 18H),
3.22 (s, 6H), 3.30 (br, 4H), 3.45 (br, 4H), 3.67 (br, 4H), 3.81 (br, 4H) 4.08 (br, 4H), 4.22 (br, 4H)
7.15 (br, 4H).
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CHAPTER 7
CONJUGATED POLYAMPHOLYTES BASED ON POLY(PHENYLENE ETHYNYLENE)
Introduction
Polymers containing ionic groups are divided into two groups: polyelectrolytes and
polyampholytes.204 The former contain either anionic or cationic groups along the polymer chain
while latter contain both anionic and cationic groups. Polyelectrolytes show ability to obtain
large hydrodynamic volumes in deionized water at low concentrations because of Coulombic
repulsion between charged groups along the polymer chain forcing the polymer chain into a rodlike conformation. However, the addition of electrolytes or changes in pH screens the Coulombic
repulsions allowing the polymers to more random conformation with a subsequent decrease in
the hydrodynamic volume. In contrast to polyelectrolytes, structure-property relationship of
polyampholytes is controlled by Coulombic attraction between anionic and cationic groups on
different monomer units. When either anionic or cationic groups are in sufficient excess (≥
10−15 mol%), charge repulsion forces the chains into an extended conformation showing typical
behavior of polyelectrolytes. However, when the molar ratio of anionic and cationic groups is
close to unity, Coulombic interactions induce globular-like conformation and, in most cases,
insolubility in deionized water. The addition of electrolytes and change in pH screens these
attractive interactions allowing a random coil conformation, often improving solubility. This
behavior is called as “antipolyelectrolyte effect”. Therefore, the property of polyampholytes in
aqueous solution depends on both the chemical structure and the composition of the polymer.
Essentially, there are four subclasses of polyampholytes based on their pH responses (Figure 71).204, 205 First, the polyampholytes contain a carboxylate group as the anionic species and an
amine hydrohalide group as the cationic species and both species may be neutralized (Figure 71a). Second, the anionic groups may be neutralized while the cationic groups remain charged
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over the whole range of pH (i.e., quaternary alkyl ammonium groups) (Figure 7-1 b). Third, the
cationic groups may be neutralized while the anionic groups remain unchanged over the whole
range of pH (i.e., sulfonate groups) (Figure 7-1c). Finally, both the anionic and cationic groups
are insensitive to pH changes.
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Figure 7-1. Structures of the four subclasses of polyampholytes.
The first synthetic polyampholytes were reported in 1950s by Alfrey and Katchalsky.206-209
The first synthesized polyampholytes are copolymers of acrylic (or methacrylic) acid and
vinylpyridine. They are typically synthesized via radical copolymerization of acidic and basic
monomers because of their different reactivity. A typical example is copolymerization of 2vinylpyridine (weak base) and methacrylic acid (weak acid), which results in the formation of
statistical copolymers. Since these early reports, many researchers have studied the synthesis and
properties of a wide range of statistical polyampholytes (Figure 7-2).205 The polyampholytes
have been of interest because they are synthetic analogous proteins. Therefore they can
contribute to understanding the aqueous solution behavior of biological molecules such as
proteins and be applied to various areas of biotechnology, medicine, and hydrometallurgy.204, 210
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Particularly, they have been used to absorb and deliver metals, drugs, amino acids, and nucleic
acids.210

Figure 7-2. Structures of polyampholytes that have been synthesized. Figure was taken from
Lowe et.al.205
The polyampholytes containing both anionic and cationic groups along their backbone can
form polyanion-polycation complex formation (“symplex formation”) via two pathways.211 First,
“homosymplex” is formed by interactions between the anionic and cationic groups of the
polyampholytes without a participation of another macroion. Second, “heterosymplex” formation
occurs by interactions between either the anionic or cationic groups of the polyampholytes with
an oppositely charged macroion added to the polyampholytes. These homo- and heterosymplex
formation are dependent on pH, the kind of ionic groups, the ratio of anionic to cationic groups
within the polyampholytes, and the distribution of both groups along the polyampholyte
backbone. The properties of polyampholytes have been investigated mostly by means of
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viscometry and turbidimetry.204, 210, 212 Most of synthetic polyampholytes posses an isoelectric
point (IEP) at given pH. The IEP is determined by a minimum viscosity and at this IEP point
there are strong Coulombic interactions between oppositely charged groups, and hence the
polyampholytes are electoneutral and a highly compact structure of the polymer is expected.
When the pH is changed and either cationic or anionic groups become neutral or when
electrolytes are added, Coulombic repulsion induces chain expansion of the polymer.
In this chapter, we report that synthesis of conjugated polyampholytes carrying both
cationic and anionic groups (Figure 7-3). The polyampholytes contain different molar ratios of
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Figure 7-3. Structures of conjugated polyampholytes.
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anionic to cationic groups and show different behavior in solution. The solution properties of
polyampholytes were studied using absorption and fluorescence spectroscopy. PPE-NMe3-SO3
with 1:1 ratio of cationic to anionic groups exhibits the low solubility in deioninized water due to
the static interaction between oppositely charged side groups. On the other hand, PPE-SO3NMe-OR8 with low ratio (< 1) of cationic to anionic groups shows good solubility in deionized
water with the similar solution properties with those observed for cationic or anionic conjugated
polyelectrolytes (CPEs). The highlight of this study is the finding that the competition between
homo- and heterosymplex formation is dependent on the pH of the PPE-NMe3-COOH solution
containing quaternary ammonium and carboxyl groups. The polymer shows the pH dependent
optical properties.
Results and Discussion
Synthesis
Figure 7-4 illustrates the synthetic route for the monomers. The synthesis started with
commercially available 1,4-dimethoxybenzene 1 , which was converted to 2,5diiodohydroquinone 3 according to the procedures described previously.30 Substitution reaction
of 2,5-diiodohydroquinone 3 with bromoacetic acid yielded compound 4 with procedures
adapted from the previous literature.189 Reaction of 1,3-dibromopropane with compound 3
afforded compound 5 and subsequent quaternization of pendant groups gave the desired cationic
monomer 6 in 85% yield. Substitution of both iodines of 5 by (triiosopropyl)acetylene (TIPSA)
was achieved under Sonogashira coupling conditions. Compound 5 was treated with TIPSA in
THF with diisopropylamine (iPr)2NH as base and dichlorobis(triphenylphosphine)palladium
(Pd(PPh3)2Cl2) and copper iodide (CuI) as catalysts at room temperature and then quaternization
of pendant groups was carried out to give the cationic monomer with TIPS protection group 8 in
98 % yield. The anionic monomer with sulfonate 9 was synthesized following the procedures
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Figure 7-4. Synthesis of monomers 4, 6, 8, 9 and 13.
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Figure 7-5. Synthesis of conjugated polyampholytes.
described previously.36 Reaction of compound 11 with 2,5-diiodohydroquinone 3 gave
diiodobenzene derivative 12 with di(ethyleneoxide) side chains. Phenylacetylene with
di(ethyleneoxide) groups 13 was made by Sonogashira coupling of trimethylsilylacetylene
(TMSA) with compound 12 and deprotection of the silyl group with TBAF in 55% yield. As
shown in Figure 7-5, conjugated polyampholytes were synthesized in the mixture of
DMF/H2O/(iPr)2NH or N(C2H5)3 with catalytic amount of Pd(PPh3)4 and CuI. All polymer
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solutions were dried by lyophilization process after dialysis against deionized water and
characterized by 1H NMR spectroscopy. The solubility of PPE-NMe3-SO3 in various organic
solvents as well as water is too low to obtain 1H NMR spectra. For two different PPE-SO3-OR8NMe3, 1H NMR spectra were obtained in DMSO-d6; however, 13C NMR spectra were not able
to be measured because of their poor solubility. PPE-NMe3-COOH shows limited solubility in
both DMSO and D2O (< 1mg/mL). Using a mixture of D2O/DMSO-d6 (v/v = 1:1), 1H NMR
spectrum was finally obtained after intensive scanning (1024 scans) at room temperature.
Properties of Conjugated Polyampholytes
PPE-NMe3-SO3. This polyampholyte is composed of an equimolar ratio of quaternary
ammonium (NR4+) and sulfonate groups (SO3-) along the polymer backbone. The sulfonate
group is a strong polyelectrolyte group, and hence it remains fully ionized over a wide pH range
in aqueous solution. In the previous studies using polyampholytes with a sulfonate group, the
polyampholytes showed interesting rheological behavior in the presence of electrolytes.213-218
Specifically, polyampholytes in which the cationic/anionic charge ratio is one are insoluble in
deionized water. This arises due to the interaction between the anionic and cationic groups of the
polymer to form an ionically crosslinked network (“Homosymplex”) without participation of a
further macroion.211 Addition of a critical concentration of salt is required to achieve solubility in
aqueous solution. 215, 216, 218 Similarly, PPE-NMe3-SO3 is insoluble (shows turbidity) in water
and requires addition of salt to make it water-soluble. This polyampholyte also shows poor
solubility in polar organic solvents such as DMSO, DMF and methanol.
PPE-NMe3-OR8-SO3. When anionic or cationic groups are in sufficient excess (≥ 10–15
mol%), polyampholytes exist in an extended conformation due to charge repulsion, resulting in
rheological behavior typical of polyelectrolytes. Here, conjugated polyampholytes with different
molar ratios of anionic groups to cationic groups were synthesized. PPE-NMe3-OR8-SO3-1 (P1)
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and PPE-NMe3-OR8-SO3-2 (P2) contain 3:7 and 7:3 molar ratio of quaternary ammonium to
sulfonate groups, respectively. The polymers show good solubility in water, DMSO and DMF
whereas they are insoluble in methanol. The ratio of anionic and cationic groups on the polymer
backbone was confirmed by integration ratio of protons on CH2 right next to anionic and cationic
groups in the 1H NMR spectrum. The proton peak next to quaternary ammonium groups appears
at 2.2-2.4 ppm while the proton peak next to sulfonate groups shows up around 2.06 ppm (Figure
7-6). Their ratios are about 3:7 and 7:3 for P1 and P2, respectively.

Figure 7-6. 1H NMR spectrum of P1 and P2 in DMSO-d6.
The absorption and fluorescence spectra of P1 and P2 in methanol or water are similar to
those for conjugated polyelectrolytes (CPEs) 23, 35, 36, 79 which contain poly(phenylene
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ethynylene) (PPE) backbones. As reported previously for PPE-type CPEs, P1 and P2 in water
show red-shifted absorption bands from 425 nm to 443 nm for P1 and from 418 nm to 435 nm
for P2 with reduced oscillator strength (Figure 7-7). This supports that P1 and P2 exist as
aggregates in water like other CPEs. The aggregation of these two polyampholytes is also
evidenced by a broad and red-shifted fluorescence band with a relatively low quantum yield in
water (Figure 7-7). By contrast, the polyampholytes are not aggregated in methanol as proved by
the fact that the polyampholytes feature a structured fluorescence spectrum with a comparatively
high quantum yield (Table 7-1). These results suggest that the polyampholytes which contain
Table 7-1. Photophysical properties of conjugated polyampholytes
λmax fl/nm
λmax abs/nm
P1

P2

PPE-NMe3-COOH

Φfl

MeOHa

425

470

0.13 ± 0.01b

H2O

443

556

0.08 ± 0.008c

MeOHa

418

471, 495

0.088 ± 0.008b

H2O

435

524

0.058 ± 0.005c

MeOHa

420

463

0.10 ± 0.01b

H2O

440

561

0.071 ± 0.007 (pH 3.0)b
0.077 ± 0.007 (pH 7.6)b
0.046 ± 0.004 (pH 10.3)b

a

Microliters of a concentrated polymer solution in water was diluted with methanol. b Coumarin
30 in MeOH as standard, Φfl = 0.307 (ref. 154). c Coumarine 6 in EtOH as standard, Φfl = 0.78
(ref. 219).
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Figure 7-7. Absorption and emission spectra of P1 (10 µM) and P2 (10 µM) in methanol and
water. Each polymer solution is excited at its own maximum absorption wavelength.
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either cationic or anionic groups are in sufficient excess show solvent-dependent photophysical
properties similar with those for CPEs.
Titration of P1 and P2 in water with aliquots of N,N’-dimethyl-4,4′-bipyridinium (MV2+)
and sodium 1,4,5,8-naphthalenediimide-N,N’-bis(methylsulfonate) (NDS) was conducted to
provide the quenching behavior of the two polymers. MV2+ and NDS (Figure 7-8) efficiently
quench the fluorescence of CPEs in water. MV2+ and NDS are known to quench the fluorescence
of anionic and cationic CPEs by photoinduced electron transfer, respectively. Therefore, the
same quenching mechanism was expected for P1 and P2 since they showed the similar solution
behavior as CPEs. First, the quenching efficiency of P1 and P2 by MV2+ and NDS were
investigated in water. As shown in Figure 7-9, P1 in which sulfonate groups are dominant on the
polymer backbone is much more efficiently quenched by a cationic quencher, MV2+ (KSV = 2.1 ×
106 M-1) compared to an anionic quencher, NDS (KSV = 4.2 × 103 M-1). In contrast, P2 in which
quaternary ammonium groups are dominant is quenched much more strongly by NDS (KSV
=3.56 × 106 M-1) than MV2+ (KSV = 1.5 × 103 M-1). The fluorescence quenching data were
analyzed using Stern-Volmer (SV) relation, given by I0/I = 1+ Ksv[Q] (where I0 and I are the
intensity of fluorescence in the absence and presence of a quencher, respectively, KSV is the
Stern-Volmer constant, and [Q] is the concentration of a quencher). The Stern-Volmer constant
(Ksv) is used to quantitatively measure the quenching efficiency. Ksv values for P1 and P2

Figure 7-8. Structures of a cationic and an anionic quencher used in this study.
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Figure 7-9. Emission spectra of P1 and P2 in water upon addition of a cationic and an anionic
quencher. λex = 440 nm for P1 and λex = 430 nm for P2. The inset shows the SternVolmer plots using emission intensities at 556 nm for P1and 445 nm for P2.
Table 7-2. Stern-Volmer constant (KSV) for P1 and P2 fluorescence quenching upon addition of
MV2+ and NDS in water and DMF.
In water
In DMF
P1-MV2+

2.1 × 106 M-1

7.4 × 105 M-1

P1-NDS

4.2 × 103 M-1

1.5 × 103 M-1

P2-MV2+

1.5 × 103 M-1

4.0 × 102 M-1

P2-NDS

3.56 × 106 M-1

8.3 × 105 M-1

140

quenching were obtained in the linear region of the SV plots. Table 7-2 summarizes the SternVolmer constants (Ksv).
Figure 7-10 shows the absorption and emission spectra of P1 and P1 in DMF. Compared to
the absorption spectra of P1 and P2 in water, relatively blue-shifted absorption maximum
appears at 432 nm for P1 and 428 nm for P2. Both polymers feature a well-defined 0-0 band with
λmax = 480 nm for P1 and λmax = 476 nm with a shoulder band around 510 nm. These spectral
properties indicate the non-aggregated states of both polymers in DMF.
The same fluorescence quenching experiments as described above were carried out in
DMF (Figure 7-11 and Table 7-2). The results are consistent with those observed in quenching
experiments with P1 and P2 solution in water. Interestingly, at any given [MV2+] or [NDS], the
aggregated conformation of P1 and P2 is quenched more strongly compared to the nonaggregated conformation of polymers as previously reported for fluorescence quenching of PPEbased CPEs. This is likely due to the ability of the exciton to diffuse rapidly along the polymer
chain. These observations provide the evidences for the fact that the polyampholytes with a low
anionic-group/cationic-group ratio (< 1.0) on their backbone show similar solution properties
with cationic or anionic CPEs.
PPE-NMe3-COOH. To investigate the effect of the nature of ionic groups on the
ampholyte properties, a sulfonate group was replaced with a carboxyl group as an anionic side
group. The carboxyl group remains charged or neutralized according to pH changes whereas the
quaternary ammonium group is insensitive to pH changes. The spectral changes induced by pH
on the absorption and fluorescence spectra of this polymer are shown in Figure 7-12. For the
absorption spectra, oscillator strength decreases with a decrease in the pH of the polymer
solution. Interestingly, emission intensity and emission quantum efficiency increases in the
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Figure 7-10. Absorption and emission spectra of P1 and P2 in DMF. λex = 430 nm for both
P1and P2.
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Figure 7-11. Emission spectra of P1 and P2 in DMF upon addition of a cationic and an anionic
quencher. λex = 430 nm for both P1and P2.
sequence of pH 10.3 (Φfl = 0.046) < pH 3.0 (Φfl = 0.071) < pH 7.6 (Φfl = 0.077). In the emission
spectra of PPE-NMe3-COOH, as pH decreases from 11 to 8, emission intensity sharply increases.
At pH 5-8, the emission intensity remains almost constant. With a decrease in pH from 5 to 3,
intensity is progressively reduced. At pH > 8, the COO- groups are involved in the formation of
zwitterions on the polymer backbone, and hence the attractive interaction between the negatively
charged and positively charged groups forms an ionically crosslinked network that forces the
polymer chains into a highly compact structure under this basic condition.204, 212 This might
result in the reduced fluorescence intensity. In a pH range of 5-8, two contrary factors influence
the polymer solution.220 First, COO- - COO- and ammonium-ammonium repulsion prevents
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Figure 7-12. Absorption and emission spectra of PPE-NMe3-COOH (30.72 µM) as a function of
pH in aqueous solution. The inset illustrates that emission intensity at 548 nm varies
depending on the pH in the polymer solution. λex = 430 nm.
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formation of a crosslinked network that induces the compact structure of polymer. At the same
time, the static interaction between the carboxyl and ammonium groups restricts extended
conformation of the polymer chain. As a result, the fluorescence intensity remains constant. At
pH < 4, −COOH groups are dominant, reducing the negative charge density on the polymer
chain. Thus this reduces the attractive interactions between the oppositely charged groups. The
polymer shows the similar behavior with that of cationic or anionic CPEs in water. Therefore,
the fluorescence intensity of the polymer is reduced due to aggregation via π-stacking between
adjacent polymer chains at this acidic condition.

Figure 7-13. Absorption and emission spectra of PPE-NMe3-COOH (10 µM) in methanol upon
addition of HCl solution. (a) and (b) are spectra after addition of low concentration of
HCl solution(0–9.0 µM). (c) and (d) are spectra after addition of high concentration
of HCl solution (0–1.2 mM). λex = 420 nm.
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The effect of HCl on the optical properties is also investigated using the polymer solution
in methanol (Figure 7-13). Since the polymer is insoluble, the polymer aqueous solution (pH 11)
is diluted with methanol to get the desired concentration of the polymer solution (10 µM). At low
concentrations of HCl, the absorption and emission intensity are slightly decreased (Figure 7-13
(a) and (b)). After addition of higher concentration of HCl solution, the absorption and
fluorescence spectra slightly red-shift compared to those in the absence of HCl solution (Figure
7-13 (c) and (d)). This suggests that introduction of HCl slightly interrupts the interactions
between the oppositely charged side groups, inducing to expand the polymer chains.

Figure 7-14. Emission spectra of PPE-NMe3-COOH (30.72 µM) upon addition of an anionic
quencher, NDS at different pH solutions. λex = 440 nm.
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The quenching efficiency for PPE-NMe3-COOH by an anionic quencher, NDS is observed
at different pH (Figure 7-14). Stern-Volmer constants (Ksv) were obtained in a linear region of
SV plots. At pH 2.5, most carboxyl groups exist as −COOH, and the negative charge density of
ammonium groups is dominant in the polymer solution. Thus, the polymer is the most strongly
quenched by NDS (KSV = 4.55 × 105 M-1). There is little difference between the Ksv values at pH
6.5 and pH 10.0.
Summary and Conclusions
In this chapter, we illustrated the effects of molecular architecture of polyampholytes on
solution behavior. The nature of charged side groups and composition of the charged groups on
the polymer backbone induce different solubility and rheological behavior. PPE-NMe3-SO3
bearing an equimolar ratio of ammonium and sulfonate groups shows very poor solubility in
water. P1 and P2 containing a low molar ratio of ammonium to sulfonate groups (< 1.0) show
similar solution behavior with anionic or cationic CPEs. Depending on the dominant charges on
the polymer backbone, the polymers are strongly quenched by oppositely charged molecules.
PPE-NMe3-COOH containing carboxyl groups sensitive to changes in pH behaves as a
polyelectrolyte or polyampholyte depending on the pH in aqueous solution. The different
solution behavior also leads to changes in the absorption and emission spectra. The quenching
efficiency for PPE-NMe3-COOH varies according to pH.
Experimental
Materials
2,2'-(2,5-Diiodo-1,4-phenylene)bis(oxy)diacetic acid (4)189 and 3,3'-(2,5-diiodo-1,4phenylene)bis(oxy)dipropane-1-sulfonate (9)36 were synthesized according to the literature
procedure. 3,3'-[(2,5-Diiodo-1,4-phenylene)bis(oxy)]bis- [N,N,N-trimethylpropan-1-aminium]
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(6) and 1,4-Diethynyl-2,5-bis[2-(2-methoxyethoxy)ethoxy] benzene (13) were synthesized
according to the procedures described in Chapter 6.
Instrumentation
1

H and 13C NMR spectra were recorded on either a VXR 300 or Varian Mercury-300

spectrometer and chemical shifts are reported in ppm relative to TMS. UV-vis absorption spectra
were obtained with samples contained in a 1 cm quartz cuvette on a Varian Cary 100
spectrometer. Steady state fluorescence emission spectra were recorded on a PTI (Photon
Technology International) fluorometer and corrected by using correction factors generated with a
primary standard lamp.
General Methods
All sample solutions were prepared by using water that was distilled and then purified by a
Millipore purification system (Millipore Simplicity Ultrapure Water System). The polymer stock
solutions were diluted with the deionized water to a final concentration. All concentrations of
polymers are provided in polymer repeat unit (PRU) concentration. In titration quenching
experiments, 3 mL of polymer solution was placed in a 1cm fluorescence cuvette. Then
fluorescence spectra were repeatedly acquired after addition of microliter aliquots of a
concentrated solution containing a quencher. All experiments using the polymer solutions in
methanol, the polymer aqueous solutions were diluted with methanol to obtain the desired
concentration.
Synthetic Procedures
1,4-Bis(triisopropylsilylethynyl)-2,5-Bis(3-bromopropoxy)benzene (7). Under an argon
atmosphere, THF (20 mL) and diisopropylamine (2.5 mL) were added to compound 5 (98 mg,
1.56 mmol), Pd(PPh3)2Cl2 (62 mg, 0.09 mmol) and CuI ( 45 mg, 0.234 mmol).The mixture
solution was degassed by argon bubbling at room temperature for 20 minutes and this was
148

followed by the dropwise addition of trisopropylsilylacetylene (0.63 mL, 2.77 mmol). The
solution was stirred at room temperature for 40 hours. The solvent was removed and the solid
was purified by flash chromatography on silica gel with hexane to yield a white solid 7 (570 mg,
0.80 mmol 51%). 1H NMR (300 MHz, CDCl3): δ 1.14 (s, 42H), 2.29 (m, 4H), 3.60 (t, 4H), 4.08
(t, 4H), 6.89 (s, 2H).
3,3'-(2,5-bis((Triisopropylsilyl)ethynyl)-1,4-phenylene)bis(oxy)bis(N,N,Ntrimethylpropan-1-aminium) (8). Compound 7 (210 mg, 0.25 mmol) was suspended in 25 %
trimethylamine in water (20 mL), ethanol (30 mL), and acetone (30 mL) and heated to 120 ˚C.
The reaction was refluxed overnight. The solvent was removed and the white solid recrystallized
from ethanol to yield 200 mg (0.24 mmol, 98%). 1H NMR (300 MHz, CDCl3): δ 1.10 (s, 42H),
2.23 (m, 4H), 3.12 (s, 18H), 3.48 (m, 4H), 4.08 (t, 3H), 6.99 (s, 2H).
PPE-SO3-NMe3. The solvent mixture (17 mL) of DMF/H2O/(iPr)2NH (v/v/v/ = 9/6/2)
was degassed with argon for 15 minutes and followed by the addition of compound 8 (100 mg,
0.12 mmol). After argon bubbling through the solution for 15 minutes, 1.0 M
tetrabutylammonium fluoride solution in THF (1.60 mmol) was added to the flask under argon
and the mixture was stirred at room temperature for 30 minutes. In a separate flask, a solution of
CuI (4 mg, 0.02 mmol) and Pd(PPh3)4 (11 mg, 0.01 mmol) in DMF was degassed with argon for
30 minutes and added to the degassed solution containing compound 8. Addition of compound 9
and 15 minute degassing were followed. Finally the solution was stirred under argon atmosphere
at 60 ˚C for 24 hours. The reaction mixture was poured into 200 mL of acetone. The precipitate
was dissolved in small amount of Millipore water and treated with NaCN, filtered using 25 μm
glass filter and followed by dialysis against deionizer water using 6-8 kD MWCO cellulose
membrane. The polymer solution was lyophilized to yield a yellow solid (35 mg, 0.036 mmol, 30
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%). 1H NMR (300 MHz, CD3OD) and 13C NMR (75 MHz, CD3OD) spectra were not obtained
due to the poor solubility of the compound.
PPE-SO3-NMe3-OR8-1. A solution of compound 6 (22 mg, 0.03 mmol), compound 9 (46
mg, 0.07 mmol,) and compound 13 (36 mg, 0.1 mmol) in 15 mL of DMF/water/ triethylamine
(v/v/v = 3/2/1) were placed to a Schlenk flask and degassed with argon for 30 minutes. CuI (2
mg, 0.01 mmol) and Pd(PPh3)4 (7 mg, 0.006 mmol) were added to the mixture solution
containing compound 6 and compound 9. The reaction mixture was stirred at 60 ˚C for 26 hours.
The resultant solution was added to 200 mL of acetone to form a precipitate. The collected
precipitate was dissolved in an aqueous solution containing NaCN (8 mg), filtered using a 25 μm
glass filter and followed by dialysis against deionized water using 6-8 kD MWCO cellulose
membrane for 2 days. The polymer solution was lyophilized to yield a yellow solid (50 mg,
57%). 1H NMR (300 MHz, DMSO-d6): δ 2.06 (br, 2.8H), 2.22 (br, 1.2H), 2.65 (br, 2.8H), 3.01
(br, 5.4 H), 3.25 (br, 6H), 3.43 (br, 4H), 3.66 (br, 5.2 H), 3.79 (b, 4H). 13C NMR (75 MHz,
DMSO-d6) spectrum was not obtained due to the limited solubility of the compound.
PPE-SO3-NMe3-OR8-2. This polymer was synthesized by the same procedure described
for PPE-SO3-NMe3-OR8-1 using compound 6 (51 mg, 0.07 mmol), compound 9 (20 mg, 0.03
mmol) and compound 13 (36 mg, 0.1 mmol). Yield: 12 mg, 13%. 1H NMR (300 MHz, DMSOd6): δ 2.06 (br, 1.2 H), 2.24 (br, 2.8H), 2.66 (br, 1.2H), 3.07 (br, 12.6 H), 3.21 (br, 6H), 3.40 (br,
4H), 3.65 (br, 6.8H), 3.79 (br, 4H). 13C NMR (75 MHz, DMSO-d6) spectrum was not obtained
due to the limited solubility of the compound.
PPE-NMe3-COOH. The solvent mixture (17 mL) of DMF/water/diisopropylamine (v/v/v/
= 9/6/2) was degassed with argon for 15 minutes and followed by the addition of compound 8
(79 mg, 0.095 mmol). After argon bubbling through the solution for 15 minutes, 1.0 M
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tetrabutylammonium fluoride solution in THF (0.95 mmol) was then added to the flask under
argon and the mixture was stirred at room temperature for 30 minutes. CuI (2 mg, 0.011 mmol)
and Pd(PPh3)4 (7 mg, 0.006 mmol) was added to the mixture solution. After 15 minutes of
degassing, compound 4 was added and the reaction mixture was stirred under argon at 60 ˚C for
24 hours. The reaction mixture was poured into 200 mL of acetone. The precipitate was
dissolved in small amount of Millipore water and treated with NaCN (8 mg), filtered using 25
μm glass filter and followed by dialysis against deionized water using 6-8 kD MWCO cellulose
membrane for 2 days. The polymer solution was lyophilized to yield a yellow solid (10 mg, 15
%). 1H NMR (300 MHz, CD3OD/D2O) δ 2.23 (br, 4H), 3.10 (br, 18 H), 3.59 (br, 4H), 4.23 (br,
4H), 4.62 (br, 4H), 6.82 (br, 4H).13C NMR (75 MHz, CD3OD) spectra were not obtained due to
the limited solubility of the compound.
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CHAPTER 8
CONCLUSIONS
In the previous chapters, the synthesis, photophysical characterization and applications of
poly(arylene ethynylene)-based conjugated polyelectrolytes (CPEs) have been presented.
Intercalation of Intercalator Quenchers to mPPESO3

Meta-linked poly(phenylene ethynylene)s bearing ionic groups can fold into a helical
conformation in water, which is stabilized by π-π stacking and hydrophobic interactions. The
helical polymer was used to sense protease activity. The polymer fluorescence is quenched
significantly by L-Lys-p-nitroanilide (K-pNA) and peptidase reverses the fluorescence from the
quenched polymer solution concurrent with peptide hydrolysis. More importantly, the polymer
still shows amplified quenching at even high concentration of buffer solution up to 100 mM.
Typically, CPEs show a significantly reduced quenching efficiency with increasing buffer
concentration because the buffer ions screen the Coulomb interactions, removing quenchers from
the vicinity of CPEs. This result is likely due to intercalation of quenchers into the helical
conformation of the polymer, giving less ion-screening effect on the Coulomb interaction.
By taking the advantage of the helical structure, the polymer was used as a sensor platform
with intercalator quenchers containing ligand. For this study, biotin and avidin were chosen as a
ligand and a target protein, respectively. Biotin-functionalized quenchers strongly quench the
polymer fluorescence via intercalation and static interaction. However, introduction of avidin to
the polymer/quencher complexes is not capable of displacing the quenchers from the polymer,
which does not increase the polymer fluorescence. Two possibilities are suggested to explain this
result. First, biocytin-TMR is hidden within the helical polymer, and hence avidin is not able to
be accessible to the biotin, leading to reversal of quenching. Second, the quenchers serve as
crosslinkers for the concurrent binding of the polymer and avidin. When avidin is previously
152

bound to biotin on the quenchers, the quencher/avidin complexes give less effect on the
fluorescence quenching. This might arise due to the electrostatic interaction between the
oppositely charged polymer and avidin
Helical Self-Assembly of mPPESO3-py
In mPPESO3, phenylene units were replaced with pyridine rings. PPE-SO3-py shows
solvent-induced self-assembly into a helix, which is evidenced by the absorption and emission
spectra. The polymer also shows strong and selective affinity for Pd2+ ions in water.
Interestingly, Pd-complexation with the polymer in methanol induces conformation changes into
a helix. Changes in the absorption and emission spectra are consistent with those obtained
depending on solvent polarity. Protonation of pyridine rings in methanol also leads to selfassembly of the polymer into a helix.
Biocidal Activity of Cationic CPEs
PPE-based cationic conjugated polyelectrolytes with tetraalkylammonium side groups
exhibit light-induced biocidal activity. It was found that surface grafted conjugated polymer
(SGCP) particles entrap and kill bacteria. Singlet oxygen generation at the polymer/bacteria
surface is a crucial step in the biocidal action. This study shows that SGCP particles with
bacteria that are oxygenated and irradiated exhibit the most efficient biocidal activity.
Photophysical studies of the cationic polymers in solution strongly support the role of oxygen in
the biocidal process. Direct excitation of the polymers generates a long-lived triplet state and the
triplet state sensitizes singlet oxygen. For the light-induced biocidal activity, oxygen is also
required at the polymer/bacteria interface.
Conjugated Polyampholytes
The effects of molecular architecture of polyampholytes on solution behavior were
investigated by varying the nature of charged side groups, composition of the charged groups
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and changes in pH. As the molar ratio of anionic to cationic groups is one and both charged
groups are insensitive to changes in pH, the polyampholyte shows poor solubility in water. For
polyampholytes with a low molar ratio of anionic to cationic groups, the polyampholytes show
similar solution behavior compared with anionic or cationic CPEs. Depending on the dominant
charges, the polymers are strongly quenched by oppositely charged molecules. The
polyampholyte containing charged groups (carboxyl groups) that are sensitive to changes in pH
behaves as a polyelectrolyte or polyampholyte depending on the pH in aqueous solution. The
different solution behavior also leads to changes in the absorption and emission spectra.
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