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Preface

One of the most exciting developments of the past two decades has been
the emergence of organic electronics. This term refers to the use of organic
materials as active layers in a variety of semiconductor devices. One example
is organic light emitting diodes, devices which emit visible light upon the
passage of current through an organic semiconductor film. These devices are
now commercially available in small format flat panel displays and are being
intensely developed for solid-state lighting. A second example is organic thin
film transistors, which control the flow of electricity in circuits and are being
developed for applications in smart tags and flat panel displays.

Concurrently, our need for sensors is ever increasing. Food safety, envi-
ronmental monitoring, medical diagnostics, and homeland security are all
areas that would benefit from the deployment of sensors and sensor networks.
Improvements would be useful or even required on multiple fronts, including
sensitivity and specificity, power consumption, portability, and cost. Organic
semiconductors offer many advantages in comparison with their inorganic
counterparts, which make them particularly attractive for sensor applications.
First, they can be deposited at or near room temperature on large area sur-
faces and are compatible with mechanically flexible supports such as paper and
plastic. This enables their use in roll-to-roll fabrication techniques, which can
dramatically decrease manufacturing costs, an important attribute for dispos-
able sensors. Second, their properties can be tailored by means of chemical
synthesis. This includes electronic properties (such as energy gap and elec-
tron affinity) but also properties such as surface energy. Of particular interest
for sensors is the ability to covalently attach biologically relevant moieties to
organic semiconductor molecules. Such hybrid materials have the potential to
lead to the fabrication of sensors with high sensitivity and specificity.

It is important to note that the main drawbacks of organic semiconductor
devices are not detrimental to their application in sensors: Low-end perfor-
mance, for example in terms of device speed, prohibits organics semiconductor
devices from competing with silicon in high-end computing applications. This
does not, however, constitute a limitation, as sensors can tolerate considerably
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slower detection speeds. Moreover, long-term stability issues, which often
plague organic semiconductor devices, are not relevant for disposable sen-
sors. Therefore, sensors represent an application that can benefit from all the
advantages of organic semiconductors and in principle suffers from none of
the limitations. Quite naturally, the application of organic semiconductors
and their devices in sensors has been attracting increased attention in the
past few years.

This book covers central research directions in this rapidly emerging field.
The first two chapters discuss fluorescence-based sensors and show how one
can tailor organic semiconductors to yield large changes in their emission prop-
erties upon interaction with an analyte. The next two chapters deal with the
application of organic light emitting diodes and photodetectors in sensors and
their integration with lab-on-a-chip concepts. A variety of solid state devices
are analyzed in the fifth chapter and the applications of lasing and photo-
conducting organic devices in sensors are proposed. The emphasis then shifts
to electrical detection, first with field-effect transistors and then with electro-
chemical ones. In the remaining four chapters the mechanism of operation, the
merits, and the potential applications of these devices in signal transduction
are discussed.

We believe that the application of organic semiconductors and their devices
in sensors will experience significant growth in the years to come. We hope
that this book will serve as a useful text and reference for this emerging field.

Ithaca, New York, 2007 Dan Bernards
Roisin Owens
George Malliaras
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1

Water Soluble Poly(fluorene) Homopolymers
and Copolymers for Chemical and Biological
Sensors

G.C. Bazan and S. Wang

1.1 Introduction

Conjugated polymers (CPs) are characterized by a delocalized electronic
structure. These materials have established themselves as useful components
in optoelectronic devices such as light-emitting diodes (LEDs), field effect
transistors (FETs), and photovoltaic devices [1-3]. Less explored is their
use in chemical or biological sensor applications, particularly in homoge-
neous formats. The chemical structures of CPs offer several advantages as
the responsive element in optical, chemical, and biological-detection schemes.
As a result of their electronic structure, one often observes very efficient
coupling between optoelectronic segments [4-14]. Excitations can be effi-
ciently transferred to lower energy electron/energy acceptor sites over long
distances in ways not easily accessible for assemblies of weakly interacting
chromophores. Charge transport [15], conductivity [16—19], emission effi-
ciency [20], and exciton migration [2] are easily perturbed by external agents,
leading to large changes in measurable signals [21]. Trace detection of ana-
lytes has been successfully accomplished by making use of these amplification
mechanisms [22-40].

Solubility in aqueous media is essential for interfacing with biological
analytes. Water-soluble conjugated polymers typically incorporate charged
functionalities as pendant groups on the conjugated backbone [41]. This
class of materials, often referred to as conjugated polyelectrolytes, embody
the semiconducting and optical properties of conjugated polymers and the
complex charge-mediated behavior of polyelectrolytes. From the perspective
of developing biosensors, the charged nature of the polymers provides for
a convenient tool to control the average distance between optical partners.
A widely used approach involves coordinating electrostatic interactions upon
target recognition by a probe structure.

Of the various primary conjugated polymer backbones, such as poly
(p-phenylenevinylene)s, poly(thiophene)s, poly(phenyleneethynylene), etc.,
[42] poly(fluorene) and related structures have been widely used in biological
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Scheme 1.1. Molecular structures of a water-soluble poly(fluorene) (P1) and a
poly(fluorene-alt-phenylene) (P2)
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Scheme 1.2. The synthetic scheme of the soluble poly(fluorene) P3

and chemical sensing applications because of their facile substitution at the
fluorene C9 position, good chemical and thermal stability, and high fluores-
cence quantum yields in water [43]. Typical molecular structures include the
homopolymer P1 and the copolymer P2, which are shown in Scheme 1.1. The
purpose of this review is to highlight some of the fundamental properties of
charged poly(fluorene)s and related copolymers and their use in optical sen-
sory processes. Preparation methods are provided, which serve to emphasize
typical synthetic approaches but do not constitute an exhaustive list of pub-
lished procedures. The function and properties of conjugated polyelectrolytes
with repeat units other than fluorene can be found in the literature [20—40].

1.2 General Structures and Properties

1.2.1 Design, Synthesis, and Structural Properties

The first synthesis of a soluble and processible poly(2,7-fluorene) was reported
by Yoshino and coworkers in 1989 [44, 45]. Their approach involved coupling
fluorene monomers with substituents at the C9 position by chemical oxida-
tion with FeCls (see P3 in Scheme 1.2). However, the polymerization process
was not regiospecific and the polymer backbone contained structural defects
that influence the electronic delocalization. Thus, the synthesis of defect-free
poly(fluorene)s became a major challenge and advances in carbon—carbon
bond forming reactions promoted by organometallic catalysts provided the
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Scheme 1.3. The synthetic scheme of the water-soluble copolymer P2

solution. The most popular polymerization methods include Suzuki, Stille,
and Yamamoto coupling reactions [46,47].

Water-soluble copolymers containing fluorene repeat units were initially
prepared by quaternization with methyl iodide of pendant amine groups on
a neutral precursor, as shown in Scheme 1.3 [48]. Neutral precursor materials
are particularly useful for proper characterization because of their solubility
in common organic solvents. Special care must be taking during the “charging
up” of the polymer structure by way of reactions such as quaternization reac-
tions (cationic backbones) or deprotonation steps (anionic backbones). These
reactions transform a material that is soluble in nonpolar solvents into one
that is soluble in polar media. Precipitation can take place during the transi-
tion, which limits the degree of quaternization and the final solubility in water.
To circumvent this problem, the solvent is changed during the course of the
reaction to avoid formation of polymer particles or deposition of the product
onto the reaction vessel surface. In the case of Scheme 1.3, the reaction begins
in THF and water is added after a few minutes to redissolve the mixture.
Purification of the final products is typically accomplished by precipitating
into a poor solvent.

The water-soluble homopolymer P1 was reported via the set of reactions
shown in Scheme 1.4 [49]. Quaternization of neutral polymer precursor 7 with
methyl iodide in THF/DMF /water gave the desired P1 target. Because of
the difficulty in purifying the monomers containing amine groups, and their
propensity to strongly adsorb onto chromatographic supports, an improved
synthetic approach was developed, as shown in Scheme 1.5 [15]. In Scheme 1.5,
the monomers and the neutral polymer precursor are obtained with high
purity. Subsequent quaternization proceeds with excellent yield via the reac-
tion of the precursor polymer 10 with trimethylamine in THF /water, followed
by precipitation from acetone.
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Scheme 1.4. Synthetic entry to the water-soluble poly(fluorene) P1
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Scheme 1.5. Improved synthetic scheme for the synthesis of the water-soluble
copolymer P4

The cationic species P5 in Scheme 1.6 bears charged groups on the pheny-
lene repeat units and was prepared by applying the neutral polymer precursor
approach [50]. Specifically, the neutral polymer precursor 13 was obtained by
the Suzuki copolymerization using 11 and 12. Addition of EtBr to 13 provides
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Scheme 1.6. The synthesis of the water-soluble cationic poly(fluorene) P5

Br Q Q Br O\
Br O O Br phenol . V/
a Fo
14 HO OH

MeSOH NaOH
15
Br Q Q Br O’O O

() (HO),B~/)-B(OH), n

T O s, 20

0 Pd(Ph;3), O Q
Na038 SOSNa NaOSS SOsNa

16 Polymer 6

Scheme 1.7. The synthesis of the water-soluble anionic poly(fluorene) P6

the target material, which is soluble in DMSO, methanol, and water, and
displays negligible solubility in less polar solvents such as THF and CHCls.
The synthesis of the anionic P6 is shown in Scheme 1.7. Copolymer-
ization of 2,7-dibromo-9,9-bis(4-sulfonylbutoxyphenyl)fluorene (16) with 1,4-
phenylenediboronic acid (3) using Pd(PPh;)s produces a polymer that is
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Fig. 1.1. Absorption and PL spectra of P1 in aqueous solution. The excitation
wavelength for PL spectra is 380 nm

soluble in DMSO, methanol, and water [51]. The polymer had a molecular
weight of 0.65kDa, as determined by gel permeation chromatography (GPC).

1.2.2 Optical Properties

Aqueous solutions of charged poly(fluorene)s and their derivatives typically
display unstructured absorption spectra with maxima centered at approxi-
mately 380 nm. Their photoluminescence (PL) spectra exhibit vibronically
well-resolved bands with maxima centered at 420nm (Fig. 1.1). PL quantum
efficiencies in aqueous media are in the range of 20-40%, depending on fac-
tors such as the substitution pattern, the degree of aggregation, the nature of
counter ions, and ionic content of the medium [48,49,52]. Aggregation in water
is a common feature of conjugated polyelectrolytes. This process is driven by
the highly hydrophobic backbone and leads to proximity of the optically active
units. Increased interchain contact often, but not always, translates to self-
quenching and increased rates of energy transfer and photo-induced charge
transfer. The number of charges per repeat unit and the nature of the linkers
between the backbone and the charged groups influence solubility and thus
aggregation tendency. Less soluble polymers exhibit a greater tendency to
aggregate [53,54].

A recent study on polymer P1-BTy provides insight into the effect of
polymer charge on optical performance and aggregation in aqueous media [55].
The molecular structure of P1-BTy is given in Scheme 1.8. The main back-
bone is composed of alternating substituted fluorene and phenylene units
together with a fractional substitution of the phenylene fragments with
2,1,3-benzothiadiazole (BT) chromophores. The subscript “x” refers to the
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Scheme 1.8. Molecular structure of P1-BTx. Reprinted with permission from [55].
Copyright 2006 American Chemical Society
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Fig. 1.2. Effective diameter (ED) determined by dynamic light scattering of
P1-BTo and P1-BT15([RU] = 3.8% 10~° M) in water as a function of pH. Reprinted
with permission from [55]. Copyright 2006 American Chemical Society

percentage of BT sites relative to the phenylene units. Two specific exam-
ples were used in these studies, namely P1-BTy (i.e., no BT units) and
P1-BT;5. Because of the high content of ethylene oxide groups in the back-
bone substituents, both neutral and anionic versions of the polymer are
water-soluble.

Protonation of the carboxylic sites at low pH renders the P1-BTx struc-
tures neutral and leads to a decrease in the electrostatic repulsion between
chains. Dynamic light scattering analysis (DLS), shown in Fig. 1.2, reveals that
both P1-BTy and P1-BT;5 show a sudden increase in particle size when the
solution pH is lower than ~3.5. The concentrations of the polymers through-
out this chapter are given in terms of repeat units (RUs). These data are in
good agreement with substantial interchain aggregation upon protonation of
the pendant carboxylic groups. The data in Fig. 1.2 should be interpreted
with care since the effective diameters (EDs) are larger than would be antici-
pated on the basis of single chain molecular dimensions. Several assumptions
are made in the treatment of DLS data. Discrepancies between calculated and
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Fig. 1.3. PL response of P1-BTo ([RU] = 3.8 x 107° M) and P1-BT15 ([RU] =
4.3 x 107° M) as a function of pH. Data were normalized relative to the maximum
PL intensity of each polymer. Reprinted with permission from [55]. Copyright 2006
American Chemical Society

actual values may arise from nonspherical aggregate shapes and from the stiff,
rod-like, aspect ratio of the individual chains. Nonetheless, there is a transi-
tion to higher aggregates after the pH of the solution becomes acidic enough
to neutralize the polymer charge.

Several significant observations were made in the two regimes of Fig. 1.3.
Upon aggregation, the PL quantum yield of P1-BTq decreases, possibly
as a result of self-quenching via interchain contacts. For P1-BT;5 one
observes a change in the emission spectra, from blue to green, as a result
of increased fluorescence resonance energy transfer (FRET) from the blue-
emitting phenylene-fluorene segments to the BT sites. Additionally, the PL
efficiency of the BT chromophores at low pH is considerably higher rela-
tive to conditions at high pH. Water induces quenching in the BT emission
and aggregation appears to reduce BT /water contacts, ultimately decreas-
ing energy wasting nonradiative relaxation processes, and thereby increasing
optical output. Changes in optical properties are reversible when the solu-
tion pH is cycled between low and high conditions. Furthermore, as shown in
Fig. 1.3, these changes occur at approximately the same pH at which aggre-
gation was detected by DLS experiments. The collective set of observations
provides insight into how interchain contacts in these aggregates influences
properties that one would like to take advantage in the design of sensory
schemes. A major and yet unanswered challenge rests in determining the exact
organization of chains in these aggregates, particularly at low concentrations.

Recent work demonstrated that increasing the counter anion (CA) size
can decrease the interchain contacts of copolymer PFBT-X (Scheme 1.9),
which contains alternating fluorene and BT units, and leads to a substantial
increase of quantum yield in the bulk [56]. Size analysis of polymers containing

Br~ and BJ[(3,5 — (CF3)2CH3)]; (BArY, ) in water by DLS techniques indi-
cates suppression of aggregation by the large and hydrophobic BArY, . The
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Scheme 1.9. Molecular structure of PFBT-X. Reprinted with permission
from [56]. Copyright 2006 American Chemical Society

charge compensating ions are, therefore, important structural components
in these materials and can be used to regulate optoelectronic properties for
specific applications. Starting with a parent structure, simple ion exchange
methods can be taken advantage of to generate a range of materials with
substantially different performances.

The amphiphilic characteristics of charged poly(fluorene)s lead to differ-
ent aggregation structures in different solvents as well as optical coupling of
the optical partners [57]. In the case of P1, there exist two different types
of aggregates depending on the solvent medium (Scheme 1.10). Single chain
behavior or minor aggregation occurs when the THF content is in the range
from 30% to 80% (Scheme 1.10a). These solvent mixtures allow for solvation of
both components of the polymer structure. In pure water, the polymer likely
forms tight aggregates, with chains coming together and forming the inner core
(Scheme 1.10b). Interchain aggregation in water is dominated by hydropho-
bic interactions, and leads to lower emission intensities due to m-m stacking
and self-quenching. Addition of THF to aqueous solutions breaks up the aggre-
gates. Longer interchain distances reduce self-quenching and give rise to higher
emission frequencies. When the THF content is higher than 80% the ionic
interactions of charged groups with the nonpolar medium lead to the groups
becoming buried within a new aggregate structure (Scheme 1.10c), which is
dominated by the electrostatic interactions between the charged quaternary
amine groups and charge compensating iodide ions [58].

1.3 Signal Transduction Mechanisms in Sensors

Biosensors are devices that transduce a biological recognition event (such
as antibody—antigen binding) into measurable signals. A particular function
of conjugated polymers is to amplify the signals so that lower concentra-
tions of analyte can be interrogated. Within the context of water-soluble
poly(fluorene)s, their action has been primarily to amplify fluorescent sig-
natures. This amplification is the result of a higher optical cross section of
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Scheme 1.10. Proposed aggregation modes of P1 in water with different THF
content [58]. Reproduced by permission of The Royal Society of Chemistry

the polymer, relative to small molecule reporters, and efficient FRET to a
signaling chromophore that is triggered upon a molecular recognition event.

In comparison to intensity-based methods, techniques that rely on FRET
provide large changes in emission profiles and open the opportunity for ratio-
metric fluorescence measurements [59]. Assays of this type are less prone to
false positives from nonspecific binding events.

As shown by Forster [60], dipole—dipole interactions lead to long-range
resonance energy transfer from a donor chromophore to an acceptor chro-
mophore. Equation (1) describes how the FRET rate changes as a function of
the donor-acceptor distance (r), the orientation factor (x), and the overlap
integral (J). The FRET efficiency falls off with the sixth power of distance
and thus the modulation of energy-transfer processes provides a ready means
for signal generation [59,60].

1
Fi(ry < =5 - k2 J(N) (1.1)

J\) = /OOOFD(A) ea (M)At dx

In FRET-based assays, the light harvesting conjugated polymer and a flu-
orophore capable of introduction into a probe structure are generally designed
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Scheme 1.11. Effect of relative orbital energy levels on FRET vs. PCT preferences

to function as the donor and the acceptor, respectively. The overlap integral
expresses the spectral overlap between the emission of the donor and the
absorption of the acceptor. The components of the sensor can be chosen so
that their optical properties meet this requirement.

A competing mechanism to FRET is photo-induced charge transfer (PCT).
Although PCT provides the basis for assays that modulate emission intensity,
it constitutes an energy-wasting scheme in FRET assays, reducing the inten-
sity of signals and the overall sensitivity. The rate for PCT shows an exponen-
tial dependence on the donor—acceptor distance (r), i.e., kpcr aexp(—3/r),
where 3 reflects the electronic coupling. Thus, there is a more acute distance
dependence relative to (1) and, as we will discuss in the following section,
the chemical structure of the polymer chain makes a strong impact on the
contribution of the two processes with a given fluorophore reporter.

Scheme 1.11 provides a simplified illustration of two situations that may
occur upon excitation of the polymer donor [61]. Situation A corresponds to
the ideal situation for FRET, where the HOMO and LUMO energy levels of
the acceptor are located within the orbital energy levels of the donor. Upon
excitation of the donor, energy transfer to the acceptor takes place, leading to
an emissive process, provided that the emission quantum yield of the acceptor
is sufficiently large. Similarly, direct excitation of the acceptor under Situa-
tion A does not quench the acceptor emission. When the energy levels of the
acceptor are not contained within the orbital energies of the donor, in other
words when both the electron affinity and the ionization potential are higher
in one of the optical partners, as in situation B, donor excitation may lead to
PCT [62-66]. As shown in Scheme 1.11, donor excitation would lead to photo-
induced electron transfer to the acceptor. Excitation of the acceptor would
lead to a similar charge separated state via hole transfer to the donor [61].
Although Scheme 1.11 is widely used for choosing suitable optical partners
for a specific application, it fails to be accurate for intermediate cases, since
it neglects contributions from the exciton binding energy, the intermolecular
charge transfer state energy, and the stabilization of the charged species by the
medium. The mechanism by which FRET or PCT is preferred is complex for
conjugated polymer blends and may involve geminate electron-hole pairs that
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Scheme 1.12. Molecular structures of P4, P7, and P8

0.1 510°

0.08

0.06

Absorbance

0.02

(‘n"e) Ajsudju| 1d pPozZijeuLION

360 400 440 480
Wavelength (nm)

Fig. 1.4. Photoluminescence (PL) spectra of P4 (a), P7 (b), and P8 (c) and
absorbance of ssDNA-C* (F1, d and TR, e) in 25 mM phosphate buffer (pH 7.4).
Excitation wavelength is 385 nm for P4, 365 nm for P7, and P8. Reprinted with
permission from [68]. Copyright 2006 American Chemical Society

may convert to exciplexes and ultimately excitons [67]. Despite these uncer-
tainties, Scheme 1.11b provides for a necessary, but not sufficient, condition
for PCT.

A series of cationic poly (fluorene- co-phenylene) derivatives was prepared to
probe the effect of the molecular orbital energy levels on FRET efficiency [68].
As shown in Scheme 1.12, three different polymers were used in which electron
donating (OMe, P7) or withdrawing (F, P8) groups were introduced into the
phenylene unit. As shown in Fig. 1.4, the PL spectra of the three polymers
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Fig. 1.5. Fluorescence spectra of ssDNA-FI (a) and ssDNA-TR (b) in the pres-
ence of P4 (black), PT7 (blue), and P8 (red) in 25mM phosphate buffer at
[ssDNA — Fl or ssDNA — TR] = 2 x 107 M and [RU] = 4 x 107" M. The exci-
tation wavelengths are 385 nm for P4 and 365 nm for P7 and P8. Direct excitation
of ssDNA-F1 and ssDNA-TR prior to polymer addition are also shown in green and
orange, respectively. Reprinted with permission from [68]. Copyright 2006 American
Chemical Society

are similar; furthermore, they all exhibit nearly identical PL quantum yields.
Figure 1.4 also shows the absorbance of two typical dyes used in labeling
single-stranded DNA probes (ssDNA) namely, fluorescein (F1) and Texas Red
(TR). There is much better spectral overlap between the absorption of F1 and
the emission of polymers P4, P7, and P8, relative to the situation with TR.
By looking at (1), one would estimate nearly identical donor capabilities for
the three polymers and that F1 would be a better acceptor, relative to TR.
FRET experiments were performed by monitoring dye emission upon
excitation of P4, P7, and P8 under conditions relevant for biosensor appli-
cations and the results are summarized in Fig. 1.5. The most intense Fl
emission was observed for P8/ssDNA-F1, which is approximately twofold
more intense than that observed for P4/ssDNA-FI and is over an order of
magnitude larger than that for P7/ssDNA-FI1. For P8/ssDNA-FI, the inte-
grated Fl emission is approximately fivefold greater than that obtained by
direct excitation of F1 at its absorption maximum (495nm) in the absence
of the polymers, while over 20-fold enhancement is observed relative to
direct Fl excitation in the presence of P8. This enhancement is indicative
of the signal amplification provided by the light harvesting capabilities of the
poly(fluorene-co-phenylene) backbone. FRET experiments using ssDNA-TR
as the acceptor show that TR emission intensities are similar for P4/ssDNA-
TR and P8/ssDNA-TR, which are approximately twice more intense than
that observed with P7/ssDNA-TR. For P8/ssDNA-TR, the integrated TR
emission through FRET is approximately twice greater than that obtained by
direct excitation of TR at its absorption maximum (590 nm) in the absence of
the polymers, while there is a tenfold enhancement relative to direct excitation
of TR in the presence of P8. Of particular significance is that the TR emission
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with P7/ssDNA-TR is more intense than the FI emission with P7/ssDNA-FI,
despite the less effective spectral overlap (J(X) in (1)).

Additional experiments with P4, P7, P8 ssDNA-FI and ssDNA-TR
revealed the following observations. First, there is self-quenching of the dyes
within the conjugated polyelectrolyte/ssDNA-F1 (or ssDNA-TR) aggregates.
This effect can be diminished by including unlabeled ssDNA and is less severe
for TR than for F1. Second, there is self-quenching of the polymer emission
upon aggregation with unlabeled ssDNA. The exact sizes, shapes, and orien-
tation of the components in these polyplexes are unknown at this stage but
are likely to be dominated by the structural attributes of the polyelectrolyte
components, namely the rigid backbones and the ssDNA. Third, the three
polymers are quenched to the same extent with ssDNA-FI. In other words,
the chemical nature of the dye at the terminus of the ssDNA does not appear
to influence the general arrangement of the components so vastly that differ-
ent optical coupling occurs. Thus, the differences in the sensitization of F1 or
TR cannot be attributed to different abilities of P4, P7, and P8 to serve as
FRET donors.

Examination of the absolute energy levels of the three polymers sheds
light into the differences of dye sensitization. Cyclic voltammetry was coupled
with optical measurements to estimate the HOMO and LUMO energy levels.
Fluorine substitution lowers the energy levels, while the electron donating
methoxy group raises the levels, relative to the unsubstituted parent structure
P4. The F1 LUMO energy is contained within the HOMO-LUMO gap of the
three polymers. However, the Fl HOMO energy (—5.9¢eV) is lower than those
of P4 (—5.6eV) and P7 (—5.4¢eV). For these two structures, it is reasonable to
expect that situation B in Scheme 1.11, i.e., PCT to the LUMO of Fl, is taking
place. For polymer P8, with a HOMO energy of —5.8 eV, the situation is less
clear and, given the limitations of Scheme 1.11, both processes may be taking
place to some extent. The TR HOMO level (—5.4¢V) is higher than those of
P4 and P8 and is close in energy to the level of P7. In fact, the HOMO-LUMO
levels of TR are well contained between the levels of P8, as in situation A in
Scheme 1.11, which favors FRET over PCT. Additionally, the fact that the
energy gap difference between TR and the three conjugated polyelectrolytes
is smaller than that observed with F1 should provide additional driving force
for energy transfer, relative to charge transfer.

Similar comparisons of FRET efficiencies were carried out with poly(9,9'-
bis(6- N, N, N-trimethylammoniumhexyl)fluorene- alt-1,4-(2,5-bis(6- N, N, N-trim
ethylammoniumhexyloxy))phenylene) tetrabromide (P9) and poly((10, 10'-
bis(6- N, N, N-trimethylammoniumhexyl)-10H-spiro(anthracene-9,9’-fluorene))-
alt-1,4-(2,5-bis(6- N, N, N-trimethylammoniumhexyloxy) )phenylene) tetrabro-
mide (P10); structures can be found in Scheme 1.13 [69]. The 10H-spiroanthra-
cenyl group is orthogonal to the main-conjugated backbone vector and was not
anticipated to contribute to electron delocalization. These groups behave as
“molecular bumpers” that effectively shield the backbone. Accordingly, both
P9 and P10 show similar absorption and PL spectra and their HOMO and
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Scheme 1.13. Molecular structures of P9 and P10

LUMO levels are nearly identical, as determined by electrochemical measure-
ments. The PL quantum yields are also identical within experimental error.
These polymers served as excitation donors to ssDNA-F1. Similar levels of
polymer emission quenching are observed upon addition of ssDNA-FI1; how-
ever, the fate of the excitations is very different. In the case of P9, one observes
negligible F1 emission, whereas for P10, it is possible to observe FI emission
with a FRET efficiency of 60%. Since the optical properties and orbital energy
levels for P9 and P10 are identical, the arguments presented for polymers P4,
P7, and P8 are not applicable to rationalize the differences in optical output.
However, it is important to note that FRET and PCT rates, and thereby
their probabilities, vary to different extents depending on the donor—acceptor
distance. PCT is essentially a contact process described by an exponential
distance dependence [61,70] and functions effectively at D-A distances con-
siderably shorter than those probed by FRET processes (1) [71,72]. The nearly
complete F1l emission quenching in P9/ssDNA-F1 suggests that polymer exci-
tation results in PCT to F1 [73]. With P10/DNA-FI, one observes much less
FI quenching. The introduction of the “molecular bumpers” in P10 increases
the average donor—acceptor distance. This increased separation reduces the
probability of PCT, relative to the parent P9 structure, but allows for FRET
to occur with good efficiency. These results indicate that careful attention
needs to be paid to molecular design strategies that fine tune distances at the
molecular level to favor FRET over quenching by PCT mechanisms.

1.4 Chemo- and Biosensor Applications

1.4.1 DNA Sensors

Recent studies using P2 have shown that it can be used to optically amplify
fluorescent DNA assays [74]. The method comprises two components: (a) the
light harvesting luminescent conjugated polymer P2 and (b) a probe oligonu-
cleotide consisting of a peptide nucleic acid (PNA) labeled with a reporter dye
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such as F1 (PNA-F1). Addition to the solution of a target polynucleotide with a
sequence complementary to the PNA strand yields the duplex structure. Elec-
trostatic interactions bring the conjugated polyelectrolyte in proximity to the
PNA /ssDNA-FI duplex resulting in energy transfer from the polymer to the
signaling chromophore. When a nontarget polynucleotide is added, complex-
ation between P2 and the probe oligonucleotide does not occur. Because the
average distance between P2 and the signaling chromophore is too large for
effective energy transfer in the absence of such hybridization, there is little or
no emission from the signaling chromophore (Scheme 1.14 and Fig. 1.6). The
resulting emission intensity of F1 was enhanced by approximately 25-fold, com-
pared with that obtained upon direct excitation at the absorption maximum
of FL.

By adding an S1 nuclease enzyme, it is possible to modify the strategy
in Scheme 1.14 so that the overall assay is sensitive to single nucleotide
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Scheme 1.14. DNA assay using P2 (shown in green) and PNA-C* (shown in blue,
where C* is F1). The system responds depending on whether the ssDNA (shown in
red) is complementary or noncomplementary to the PNA sequence [74]. Copyright
2002 National Academy of Sciences, U.S.A.



