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The function of organic semiconducting and light-harvesting materials depends on the organization of
the individual molecular components. Our group has tackled the problem of through-space delocalization
via the design and synthesis of bichromphoric pairs held in close proximity by the [2.2]paracyclophane
core. The linear and nonlinear optical properties of these molecules provide a challenge to theory. They
are also useful in delineating the problem of intermolecular contacts in molecular conductivity
measurements. Another area of research described here concerns conjugated polyelectrolytes. These
macromolecules combine the properties of organic semiconductors and conventional polyelectrolytes.
We have used these materials in the development of optically amplified biosensors and have also
incorporated them into organic optoelectronic devices. Of particular interest to us is to derive useful
structure/property relationships via molecular design that address important basic scientific problems
and technological challenges.

Synthetic methods and transformations provide the route to
artificial materials. Organic materials benefit from a well-stocked
arsenal of specific bond-making reactions, characterization
capabilities, and purification techniques developed by organic
chemists and polymer scientists. A recent Perspective in this
Journal provides a remarkable diversity of natural products
accessed via methods and techniques that precisely determine
the atomic connectivity within the three-dimensional structure
of isolatedmolecules.1 Many other examples can be found in
the literature. In organic optoelectronic materials research,
however, one needs to consider the condensed state, where the
relative orientation and distances between the molecules deter-
mine important properties such as the mobilities of charge
carriers, the emission quantum yields, and how excitations can
be dissociated into charges or transferred to lower energy sites.
The final organization in the bulk is determined by weak
intermolecular forces, which are difficult to “program” within
the internal composition of the molecules. Furthermore, one
often works in nonequilibrium conditions, which are strongly
influenced by the external forces applied to the system during
the processing steps. The literature is replete with examples
where the “morphology” of the sample is blamed for the
inability to achieve an optoelectronic performance that was
anticipated on the basis of molecular design.2 Morphology here

is a murky term that relates to the organization of molecular
components in the bulk.3 It may refer to crystal polymorphs,
crystalline domains in polymer films, microphase separation of
nonmiscible components, how molecules organize at a metallic
or inorganic surfaces or interfaces, and so on. Lack of control
over bulk morphology and phase separation presents the primary
roadblock for increasing the performance of organic solar cells.4

Broad scope organic materials research is best tackled via a
multidisciplinary approach. Often a hypothesis or new device
concept based on a new material will be put forth for verification
or testing. The synthetic chemist, for better or worse, always
begins the work. “Molecules” then turn into “samples”. Testing
and characterization ensues. If the subsequent work is done with
collaborators from a different discipline, then the discussion and
communication presents a significant challenge. Much of the
basis for understanding charge transport in organic semiconduc-
tors comes from contributions from solid-state physicists. Most
synthetic chemists and physicists do not share the same
vocabulary. Excitons are really excited states. Phonons are
vibrations, while solitons are related to radical species. Perfect
lattices do not exist in real conducting polymers but are the
basis for understanding band transport. Organic chemists do not
have the proper curriculum readily to absorb these concepts and
to apply their capabilities and analytical thinking to solving
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critical materials issues. Persistent effort over time is needed to
overcome these language barriers, although initiatives are being
made through courses specifically designed to enable students
in different disciplines to communicate with each other.

This Perspective provides an account of how our group
developed new organic materials targeted primarily for opto-
electronic applications. The first part of the article provides an
account of our work on bichromophoric systems built on the
[2.2]paracyclophane structure. This effort was primarily basic
science in nature. The second section provides selected examples
of our work on conjugated polyelectrolytes. Here the work takes
a more practical approach. However, through this effort we have
been able to tackle some interesting problems concerning the
self-assembly of optically active systems and the role of mobile
ions in organic semiconductors. In all studies, we synthesize
new molecular components that are then tested for developing
a better scientific basis for correlating structure and properties
or are incorporated into device structures or sensory schemes
to improve performance. Throughout this contribution the
emphasis is on the new molecular structures and how these are
used to extract new information. Synthetic details can be found
in the references.

The [2.2]Paracyclophane Story

Our initial interest started in the mid 1990s with a focus on
the problem of “aggregates” in conjugated polymers used for
organic light-emitting diodes.5 These devices function by
injection of electrons from a cathode (reduction) and holes from
an anode (oxidation) into an organic film capable of charge
transport and emission.6 Charge recombination leads to the
formation of excited states and the subsequent emission of light.
Regions of the film with increased polymer order exhibit lower
emission quantum yields. Because of the poorly defined nature
of these aggregated regions, we set out to synthesize precisely
determined molecular structures that bring together two chro-
mophores into close proximity and would make it possible to
probe the effect of orientation, contact site, and the length of
electronic delocalization on the optical properties. The goal was
to better understand the problems of “through-space” delocal-
ization,7 which are perturbations in molecular electronic structure
caused by another chromophore via Dexter and/or Fo¨rster
mechanism(s).8,9 It should be noted that interchromophore
electronic delocalization is not a problem unique to materials
research. Consider, for example, the electronic communication
between antennae and reaction centers in photosynthesis10 and
the debate on electron and hole transport along duplex DNA.11,12

Our strategy was to take advantage of the [2.2]paracyclophane
framework13-15 as the site of interchromophore contact16,17since
it enforces cofacial overlap of two aromatic rings, minimizes
intramolecular motion, and has proven useful for the study of
π-π electron delocalization and ring strain in several organic
compounds. For example, [2.2]paracyclophane itself behaves
as a pair of strongly interacting benzene rings and displays
spectroscopic features that have been described as analogous
to those of a benzene excimer.18,19 Although drawn flat for
clarity, ring strain distorts substantially the aromatic rings. The
distance between bridgehead carbons on opposing rings is∼2.78
Å, while the distance between rings measured from the
nonbridging carbon-carbon bonds is∼3.09 Å.20

Scheme 1 illustrates the concept of chromophore dimers and
provides a synthetic example. The target molecule, pseudo-para-
distyryl[2.2]paracyclophane (1pp), may be considered as two
stilbene derivatives positioned on top of each other at a distance
and orientation dictated by the [2.2]paracyclophane core.
Compound1pp is obtained by treatment of pseudo-para dibro-
moparacyclophane21 with styrene under Heck coupling condi-
tions.22,23Comparison of the photophysical features of1pp with
those of the parent chromophore (1m) yields insight into the
effect of delocalization via the transannular gap in the [2.2]-
paracyclophane core. One observes higher photoluminescence
quantum efficiencies and more red-shifted emission for the
dimeric species.

Scheme 2 provides a series of derivatives prepared to extend
the concepts in Scheme 1.24 The pseudo-para compound2pp

can be thought of as holding together two distyrylbenzene
chromophores. Comparison of1pp and2pp yields information
on perturbations brought about by increasing the through-bond
conjugation length. In the pseudo-ortho isomer2po, it is possible
to probe the effect of chromophore orientation. Molecule3 is
similar to 2pp and 2po, except that the contact site of the
distyrylbenzene chromophore is now the central ring.25 Finally,
compound4 provides a fairly extended conjugated framework.
For compounds2pp and2po, one does not observe a substantial
difference between the properties of the dimers and the
constituent distyrylbenzene monomer analogues. Compounds
3 and4 show red-shifted emission compared to the correspond-
ing monomers.

Constructing a rationale for the structure/optical properties
relationships in the class of compounds in Schemes 1 and 2
required collaboration with the research group of Professor Shaul
Mukamel. The collective electronic oscillator (CEO) approach26

demonstrated previous success at describing the optical response
of chromophore aggregates. This technique computes molecular
vertical excitation energies and their oscillator strengths, which
allow one to infer linear absorption spectra. In addition, the
transition density matrices, or electronic modes, are calculated
for each excited state. These matrices show relevant electronic
motion when the molecule interacts with light in real space.

The CEO method faithfully replicates the absorption and
emission spectra of the molecules in Schemes 1 and 2, and a

SCHEME 1. Schematic Illustration of Two Stilbene
Chromophores Held in Close Proximity via the
[2.2]Paracyclophane Core and the Synthesis of
Pseudo-para-distyryl[2.2]paracyclophane (1pp)
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brief qualitative description of the results is provided here. One
can approximate the general features using the photoexcitation
dynamics in Scheme 3. Here,TB (through-bond) corresponds
to an electronic state dominated primarily by the characteristics
of the original (monomeric) chromophores.TS (through-space)
corresponds to an electronic state that is mostly derived from
the features of [2.2]paracyclophane. In the case of molecules
held together via the terminal ring, the most significant
absorption is attributed to the “monomer” chromophore antenna,
that is, stilbene in the case of1pp or distyrylbenzene in the case
of 2pp or 2po. TheTS state has a vanishing oscillator strength.
Emission from this state is broad and featureless. Two situations
may be encountered after photon absorption. For1pp, the energy
of the localized excitation (TB) is higher than that of theTS
state (situation A in Scheme 3). Internal conversion transfers

the excitation from the localized monomer, and emission takes
place fromTS. In the analogy to interchromophore contacts in
the bulk, this process mimics energy migration from an
individual molecule to the “aggregated” site. Emission fromTS
is described by a relatively long-lived excited state, which is
consistent with the forbidden nature of this transition.

Situation B in Scheme 3 arises when the energy ofTB is
lower than the correspondingTS. This is the situation for
distyrylbenzene (i.e.,2pp or 2po). Under these circumstances,
the initial excitation remains localized and there is negligible
difference between the spectra of the parent chromophore and
their corresponding dimers. In the case of molecules3 and4,
for which the contact is via the internal ring, a dissection into
predominatnlyTB and TS states is not possible. The CEO
method indicates extensive delocalization throughout the entire
molecule. This idea is illustrated in situation C in Scheme 3.

That molecules such as3 and4 display electronic delocal-
ization throughout their structures makes them interesting within
the context of three-dimensional conjugation. Such molecular
systems are described by symmetry elements not contained
within the structures of linear or two-dimensional analogues.
Theoretical efforts based on group theory and quantum me-
chanical principles have yielded guidelines for nondipolar
molecular structures, typically known asoctupolarmolecules,
which are potentially useful within the context of nonlinear
spectroscopies.27 The [2.2]paracyclophane framework provides
a suitable backbone in the form of a polarizable transmitting
unit that is amenable for subsequent functionalization. For this
effort, we collaborated with the research groups of Professors
Joe Zyss and Shaul Mukamel to provide a combined synthesis,
spectroscopy, and theory effort to understand the potential and
limitations of higher symmetry nonlinear optical chromophores.28

Figure 1 shows some of our synthetic targets.29 The disposi-
tion of donor and acceptor groups is represented in the form of
a distorted cube to highlight the geometric relationships be-
tween the substituents. Substitution consisting of four donor
groups provides (4,7,12,15)-tetrakis(4′-dihexylaminostyryl)[2.2]-
paracyclophane (5) with the highest symmetry of the series. If

SCHEME 2. The Molecular Structures of Compounds 2pp, 2po, 3, and 4

SCHEME 3. Qualitative Electronic Description of
Bichromophoric [2.2]Paracyclophane Molecules

(a) In A, absorption occurs via the stilbene fragment, as shown by the
excitation from S0 to S2. Internal conversion populates S1, which is primarily
TS in character, and emission occurs from there. (b) In B, TB is of lower
energy, relative to TS. (c) The regiochemistry of the interchromophore
contact in C results in an S1 state with substantial mixing of TB and TS.
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rotational and cis/trans isomers are ignored, there are threeC2

axes leading toD2 octupolar symmetry. This molecule can be
thought of as a relatively nonfluxional dimer of symmetrical
D-π-D (D ) donor groups,π ) delocalized bridge) chro-
mophores with enforced cofacial overlap at the central rings.

Compounds6, 7, and8 consist of substitution with two donor
groups and two acceptors but differ in their regiochemistry. All
three contain oneC2 axis but are distinguished by the orientation
of that unique axis with respect to internal core. Compound6
stands out as it brings together two centrosymmetric subunits.
This arrangement allows for a dipole that is oriented ring-to-
ring in the [2.2]paracyclophane subunit. A striking difference
between7 and8 on one hand and6 on the other hand is that
the former are made up of the assembly of two strongly dipolar
aromatic subunits, whereas the latter consists of two nonpolar
centrosymmetric subunits, albeit leading to a polar overall
system. For all three, the resulting dipoles fall along the unique
C2 axis.

With replacement of a single donor group with an acceptor
in 5, all symmetry elements other than identity are lost, as in
(4,7,12)-tris(4′-dihexylaminostyryl)-15-(4′′-nitrostyryl)[2.2]-
paracyclophane (9). Conceptually, this member of the series can
be viewed as a D-π-A distyrylbenzene molecule brought into
contact with a symmetric D-π-D chromophore. The molecule
4-(4′-dihexylaminostyryl)-(7,12,15)-tris(4′′-nitrostyryl)[2.2]-
paracyclophane (10) is analogous with9 but with a substitutional
transposition of donor and acceptor groups. This interchange
leads to a molecule that, in the contact pair view, brings a
D-π-A chromophore into contact with a symmetric A-π-A
acceptor-type fragment.

Initial examination of nonlinear optical properties focused
on 4-(4-dihexylaminostyryl)-16-(4-nitrostyryl)[2.2]paracyclophane
(11, Figure 2).30 This molecule was designed as a structural
basis for probing how the introduction of an intermediate barrier
to electron tunneling between donor and acceptor groups would
influence electronic polarization properties. A combination of
spectroscopic and theoretical studies showed evidence of a
significant through-space charge transfer, as determined by the
strong dependence of theâ quadratic hyperpolarizability tensor
of 11 from the additiveâ expected for strictly noninteracting

singly substituted moieties. The desired increase of nonlinear
efficiency upon substitution is not offset by the usual red shift
of the absorption spectrum that limits the application of through-
bond delocalized chromophores. The collective nonlinear po-
larization behavior involving the full structure is confirmed by
the CEO approach, which indicates enhanced electron-hole
delocalization in the higher order nonlinear response, compared
to the linear polarizability or the static dipole moment. These
findings are relevant for possible new directions for molecular
design that optimizes the transparency-efficiency tradeoff in
organic nonlinear chromophores.

The six permutations of donor-acceptor arrangements in
Figure 1 were subsequently studied via a combination of
polarized harmonic light-scattering31 and electric field-induced
second harmonic generation techniques.32 One of our goals was
to determine the contributions from the dipolar and octupolar
irreducible tensor contribution to the overallâ tensor value.
Significantâ values for molecules5 and6, which are built by
bringing together centrosymmetric chromophores, provide a
clear signature of a purely through-space intramolecular charge
transfer. However, the composite set of results showed that there
is a failure of simple tensorial additivity models that focus only
on the properties of the constituent units in the [2.2]paracyclo-
phane unit. More sophisticated treatments that incorporate
through-space polarization effects would be needed to fully
account for the observed trends and individual properties.
Additionally, the observation of a dipolar component to the
quadrupolarâ term indicates that vibrational and rotational

FIGURE 1. Three-dimensional tetra-donor-acceptor molecules with their respective cubic point-charge pattern.

FIGURE 2. The molecular structure of 4-(4-dihexylaminostyryl)-16-
(4-nitrostyryl)[2.2]paracyclophane (11) and the disposition of the donor
and acceptor groups across the internal core.
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fluctuations away from the ideal geometry need to be included
for an accurate correlation of optical properties with structure.

Organic molecules that exhibit large two-photon absorption
(TPA) cross sections (δ) are relevant to emerging technologies
such as three-dimensional optical data storage,33,34photodynamic
therapy,35,36 two-photon optical power limiting,37-39 and two-
photon three-dimensional microfabrication.40-43 Coordinated
synthetic, spectroscopic, and theoretical studies have yielded
insight into how to better design molecules with largeδ values.
At the time of our studies, a successful approach had been put
forth that involved a framework for mobileπ-electrons with
electron donor/acceptor groups on the terminal sites with or
without donor/acceptor groups in the middle of the conjugated
framework.44 Such quadrupolar systems provide the potential
for symmetric charge displacement upon excitation and en-
hanced TPA.

Having established previously the three-dimensional delo-
calization in the molecular systems in Figure 1, it was of interest
to us to modify these molecules to address questions regarding
higher symmetry effects on TPA. These studies centered on
compound5 and the chromophores12 and 13, as shown in
Scheme 4. The monomeric species5m and 12m were also
included to better ascertain the effect of linking via the [2.2]-
paracyclophane core on optical properties. These compounds
were part of a fruitful collaboration with the research groups of
Professor Joseph Perry at Georgia Tech (spectroscopy and group
theory) and Dr. Sergei Tretiak at Los Alamos National Labs
(quantum mechanical calculations). The combined study mod-
eled the behavior of aggregated chromophores and examined
the impact of through-space delocalization, as well as length-
scaling, with the goal of providing insight and design guidelines
for three-dimensional TPA chromophores.45

Only a summary of the optical studies and the complementary
theoretical treatment is provided here. Comparison of linear
absorption and TPA reveals that the through-space delocalization
influences one- and two-photon excitation processes differently.
One observes a characteristic Davydov splitting of the monomer
band into two components in the linear absorption spectra of
their respective dimers.46 In contrast, distinct splitting is not
observed in the TPA spectra of dimers, where the contributions
of the monomers to the cross sections are additive. Theoretical
correlation of structure with optical properties shows that this
difference can be rationalized by noting that the linear and two-
photon absorptions involve electronic states of different sym-
metries. Excited states of monomers with nearly Bu (odd)
symmetry participate in the linear absorption, and near Ag (even)
symmetry states participate in the TPA spectra. For the dimer
states, which can be described as belonging to theD2 point
group, the strongest bands in the linear absorption spectra
originate from transitions to B2 and B3 states. The two-photon
spectrum, however, primarily contains transitions to A and B1

states. The light induces changes of electronic density within
each monomer. The electrostatic interaction between these
induced charges leads to the splittings in the electronic spectra
of dimers. For the dimer B2 and B3 states, which relate to the
monomer Bu states, this interaction sums up leading to the large
splittings observed in the linear absorption. In the case of dimer
A and B1 states correlating with monomer Ag states, the
cancellation of individual contributions results in the vanishingly
small splittings and leads to TPA spectra that are insensitive to
interchromophore proximity. Studies on a wider series of
compounds are necessary to assess whether the additivity in
the two-photon cross section is unique to the chromophores in
Scheme 4 or is more general.

SCHEME 4. The Molecular Structures of Compounds 5m, 12m, 12, and 13
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The absence of a perturbation on the characteristics of TPA
chromophores upon dimerization has implications from a
materials perspective when one considers that many TPA appli-
cations benefit from, or rely upon, a high density of chromo-
phores. At high concentrations, or in the solid state, spectral
positions and features of monomers in linear absorption can be
superseded by absorption and emission characteristics of mul-
tichromophore systems in dimers and higher-order aggregates.
Optical perturbations by aggregate formation tend to follow
certain trends from the basic unit but are difficult to predict
from the design of the monomer. Aggregate states are also often
lower in energy and may dominate bulk behavior, regardless
of their concentration. The results of this work suggest that TPA
properties may be less sensitive to aggregate perturbations. It
should be possible to develop a more direct link between
structure-property relationships of monomers and the perfor-
mance in high concentration or in solid-state applications.

Two-photon fluorescence microscopy (TPM),47 and higher
multiphoton variations, provide the best noninvasive means of
fluorescence microscopy for biological imaging. The advantages
of TPM have been described in detail elsewhere48,49and include
reduced photodamage, improved depth penetration, the ability
to image turbid samples, and reduced signals by the excitation
beam or background cellular autofluorescence.50 TPM-specific
fluorophores for biomolecular tags are therefore an important
consideration since these provide a means to further reduce
photodamage and enable the use of economical laser sources.
Two parameters need to be optimized for best performance. One
is the two-photon absorption cross section (δ, expressed in GM
) 1 × 10-50 cm4‚s‚photon-1‚molecule-1), which provides the
probability of two-photon absorption (TPA) at a particular
frequency. A large fluorescence quantum yield (η) is also desired
for obtaining better signal-to-noise. The productηδ defines the
two-photon action cross section of a molecule. Commonly used
fluorescent reporters haveδ values in the 1-100 GM range,
which giveηδ products of 1-50 GM.48,51,52As described above,
it is possible to obtain much higherδ values with quasi-linear
D-π-D structures. In these systems, the magnitude ofδ
depends on the degree of intramolecular charge transfer (ICT)
upon excitation.53 However, in polar aqueous media, the ICT
leads to reducedη values and lower overallηδ.54,55

Soluble [2.2]paracyclophane TPA chromophores were syn-
thesized to examine the effect of water onηδ. The specific
molecular structures are shown in Scheme 5. The terminal
groups determine the donor ability of the nitrogen atom and
whether the molecule is neutral (N series) and soluble in
nonpolar organic solvents or cationic (C series) and soluble in
water. The overall set of compounds allows the examination of
the solvent influence onδ and the effect of donor strength on
η. Table 1 summarizes the absorption and photoluminescence

(PL) spectra. Figure 3 shows the spectra for16Nand16C, which
are typical for the entire series of compounds. Neutral com-
pounds were measured in toluene and the charged counterparts
in water.

The maxima in absorption (λabs) and emission (λem) for 14N
are similar to those reported for5, which indicate negligible
perturbation by the chloride functionalities. In toluene,14N,
15N, and 16N have highη values, in the range of 0.9. A
comparison of the linear spectra of theC series in water with
those of theN series in toluene reveals the following trends
(Table 1). Theλabs values are nearly the same (14N/14C) or
slightly blue shifted (15N/15C, 16N/16C). The emissions are
red shifted and are broader, with no vibronic structure (Figure
3). Most importantly for the design of efficient TPM fluoro-
phores, theη values in water are inversely proportional to the
donor strength of the terminal groups (14N ∼ 14C > 15N ∼
15C> 16N∼ 16C).56 A drop inη is observed in for14C (0.04),
while theη values for15C (0.42) and16C (0.52) remain high.
We also note that, in a solvent of intermediate polarity (DMSO),
there are no measurable differences in the linear spectroscopy

SCHEME 5. Molecular Structures of Water-Soluble [2.2]Paracyclophane Dimers 14C, 15C, and 16C, Together with Their
Corresponding Neutral Precursors 14N, 15N, and 16N

TABLE 1. Spectroscopy Summary of Compounds 14C, 15C, 16C
14N, 15N, and 16N

solvent λabs λem ηa λTPA δ (GM)b

14N toluene 434 486 0.92 725 1290
14C water 435 553 0.04 725 370
15N toluene 420 468 0.95 700 1690
15C water 410 505 0.42 700 700
16N toluene 441 492 0.92 770 2080
16C water 431 537 0.52 750 690

a Measured at 10-6 M relative to fluorescein.b Peak TPA cross section
at λTPA.

FIGURE 3. Normalized absorption and PL spectra of16N in toluene
(a, a′) and16C in water (b, b′). PL spectra were collected by exciting
at theλabsof each sample. TPA spectra of16N in toluene (c) and16C
in water (d).
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of the N and C series. The charged groups therefore are not
interacting with the chromophores.

The TPA maximum (λTPA) and δ for 14N in toluene (725
nm and 1290 GM, respectively) are similar to those of5. The
λTPA values for14N, 15N, and16N follow the trend ofλabs.
Compounds15N and16N have higherδ than14N. Literature
precedent shows that arylamine donor groups in D-π-D
structures can provide for larger57 or similar cross sections,
relative to alkylamine counterparts. Higherδ values may be
expected on the basis of additional delocalization within the
extendedπ electron system. Combining these results with the
determination ofη obtained by linear spectroscopy methods
provides forδη values of 294 and 359 GM for15C and16C,
respectively, which are exceptionally high when compared to
those of conventional TPM dyes.

Even more poorly understood than solvent effects are the
perturbations by different local environments, for example,
membranes, vesicles, or intracellular fluid, onδη. Having in
our hands efficient water-soluble TPM dyes placed us in an
excellent position to examine some of these problems. We
focused on the effect of micelles, which are dynamic micro-
heterogeneous structures containing surfactant molecules.58,59

The internal structures of micelles can incorporate chromophores
and thereby modify the kinetics of phosphysical processes and
provide structural mimics of biological membranes.60,61Sodium
dodecylsulfate (SDS) is a typical anionic surfactant, displays a
critical micelle concentration (cmc) of 8.1 mM at 25°C, and
forms spherical micelles of low polydispersity in aqueous
solution.62

Table 2 provides a summary of the optical changes of14C
and16C observed upon SDS addition. Figure 4 compares the
PL and absorption spectra in water and in the presence of SDS
at concentrations above the cmc. Under these conditions, the
chromophores are incorporated within the micellar cores, and
the probability of finding two chromophores within a single
micelle is low. There is virtually no change inλabs; however, a
significant increase in the molar absorptivity of16C is observed.
The PL spectra are blue shifted, have more pronounced vibronic
definition, and largerη values are observed (0.84 for14C and
0.95 for16C), relative to measurements in the absence of SDS.
These PL characteristics are similar to those obtained with14N
and16N in toluene.63

Table 2 also contains the most significant results from TPA
measurements. There is a substantial increase inδ values when
one compares the results in water (δmax ) 370 GM for 14C,
620 GM for 16C) with those in the presence of 0.05 M SDS
(1550 GM for14C and 2020 GM for16C). Indeed, the TPA
spectra under micellar conditions are similar to the results in
toluene (1290 GM for14C, 2080 GM for16C). The combined

maximalηδ values in water when [SDS]) 0.05 M are 1300
GM for 14C and 1920 GM for16C, which are more than 10
times larger than those of the current fluorescent reporters in
TPM.64 We attribute this enhancement to the incorporation of
the optically active units within the hydrophobic interior of the
micelles. As a result of the combined increase inδ andη, the
measuredηδ values of14C and 16C are among the highest
reported in an aqueous environment. Additionally, these results
should be taken into consideration when examining TPM images
where fluorescence intensities are used to gauge concentration
of labeled substrate in biological samples. Local cell or tissue
environments or microstructures may perturb substantially the
optical performance of the reporter. These results also suggest
that it may be possible to incorporate TPM tags within the
interior of hydrophobic structures, such as dendrimers with a
charged periphery65 or polymer nanoparticles to obtain improved
performance. The dependence of PL lifetime on the polarity of
the medium for the [2.2]paracyclophane structures, due to
participation of the forbidden states, could potentially be used
as a microenvironment probe.66

Established methods for [2.2]paracyclophane functionalization
and the theoretical framework available for understanding optical
properties as a function of molecular structure and environment
allowed us to begin a study that probed solvatochromism
differences for through-bond and through-space delocalized
states. For this study, we used14N and14C, together with the
set of molecules shown in Scheme 6. Compounds17Nand17C
contain two distyrylbenzene chromophores without donor sub-
stituents and are neutral and charged, respectively. In the case
of 18Nand18C, only the [2.2]paracyclophane core is optically
active and they are soluble in organic solvents and water,
respectively. Also included are the neutral and chargedmonomer
building blocks of14 and17, specifically14Nm, 14Cm, 17Nm,
and17Cm.

With the set of compounds described in the preceding
paragraph, it was possible to probe the effect of donor groups
and solvent polarities on linear optical properties.63 A brief
discussion of the results follows. First of all, our hypothesis is
that differences in absorption and PL spectra between structur-
ally related monomers and dimers stem from the through-space
electronic delocalization across the center ring of the distyryl-
benzene structure. There are no measurable differences in the
absorption or fluorescence spectra when one compares the
neutral version of a molecule to its charged counterpart (i.e.,
17N vs 17C), in the same solVent. The quaternary groups,
together with their corresponding counterions, do not play an
important role in determining the energies of the excited states.
Compounds17Nm and17Cm are the most basic distyrylbenzene
structures in this study, and their PL maxima (λPL) are similar
when measured in toluene (17Nm) and in water (17Cm). The
absence of a solvatochromic effect is consistent with a similar
charge distribution of the ground state and the emitting state.67

The values calculated for the intrinsic fluorescence lifetimes
(τint) are also quite similar (1.3 ns for17Nm and 2.3 ns for
17Cm). In contrast, for17N and17C, the spectra change as a
function of solvent. In going from toluene to water, theλPL red
shifts by approximately 42 nm (0.23 eV) and theτint increases
from ∼3 to ∼24 ns. Therefore, by creating the possibility of
delocalization between the two distyrylbenzene units across the
[2.2]paracyclophane bridge, one observes an emitting state that
is more sensitive to solvent polarity68 and has a lower oscillator
strength.

TABLE 2. Spectroscopy Summary for Compounds 14C and 16C
in the Absence and Presence of SDS

[SDS]
λabs

(nm)
λPL

(nm) ηa
λTPA

b

(nm)
δ

(GM)
ηδ

(GM)

14C 0 M 435 553 0.04 725 370 15
14C 0.05 M 434 484 0.84 730 1550 1300
14Nc - 434 486 0.92 725 1290 1180
16C 0 M 431 537 0.52 750 620 320
16C 0.2 mM 430 497 0.40 770 820 330
16C 0.05 M 440 488 0.95 770 2020 1920
16C 0.1 M 440 488 0.94 770 2050 1930
16Nc - 441 492 0.92 770 2080 1910

a Fluorescein (pH) 11) as a standard.b TPA maximum.c In toluene.
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The PL spectra of18N and18C, which are essentially alkyl-
substituted [2.2]paracyclophane cores, display a solvatochromic
effect. Like17N and17C, neither18N nor 18C have function-
alities available for hydrogen bonding, which strongly suggests
dependence on the solvent polarity. TheλPL of 18C in water is
7 nm (0.07 eV) red shifted relative to18N in hexanes, which
suggests a more pronounced polarization or charge-transfer
component in the emitting state relative to the ground state.

There is a strong similarity to the solvatochromism of the
pyrene and naphthalene excimers, which has been studied in
detail.69 The solvent dependence of the emission frequency of
these excimers,70 in conjunction with the fact they are non-
polar,71 indicates that the spectral shifts result from differences
in polarizability between the excimer and the dissociative ground
state. Extension of the results from naphthalene and pyrene
excimers to the solvatochromism of18N implies that the excited
state of18N is more polarizable than the ground state (which
is not dissociative by virtue of its covalent structure). Similarly,
for 17Nm and 17Cm, the absence of measurable solvent
dependence of the fluorescence spectra implies that the ground
and emissive states have similar polarizabilities. We also note
that the solvent stabilization energy as determined by the energy
difference in theλPL of 18N and 18C in hexanes and water,

respectively (0.07 eV), is smaller than that observed in17N/
17C (0.23 eV), which indicates that the polarizability in17N/
17C is further enhanced through its more extendedπ-conjugated
system.

Based on the influence of structure on solvatochromism, the
previous characterization of solvent effects on aromatic exci-
mers, the insensitivity toward solvent polarizability, and the
electronic structures described in Scheme 3, it is possible to
account for the dependence of theτint of 17Nand17Con solvent
polarity, as shown in Scheme 7. In a nonpolar solvent, the
description is similar to that in Scheme 3 (c), with the emitting
S1 state containing substantialTB andTS mixing. Increasing
solvent polarity leavesTB relatively unperturbed, but lowers
the TS energy level. As the energy difference of these states
increases, the S1 state becomes moreTS-like and its oscillator
strength decreases. Therefore, the longerτint value of 17C in
water, relative to17N in toluene, is due to the stabilization of
TS and its greater participation in the description of S1.
Essentially, when solvent polarity increases, the electronic
structure of the molecule becomes more like situation A in
Scheme 3 (a).

For the donor containing monomers,14Nm and14Cm, there
is a strong solvatochromic effect. A red-shifted PL with
increased solvent polarity, as well as a loss in fluorescence
quantum yields, reflects the intramolecular charge-transfer
character of these compounds due to the electron-rich terminal
amino groups. That vibronic structure appears in the fluores-
cence spectra of both14Nm and 14N, together with the fact
that14Cm and14C have similar PL maxima andτint, indicates
that S1 is mainly described byTB, which is located on the
donor-substituted distyrylbenzene fragment (Scheme 8).

Up to now we have discussed the utility of covalently linked
chromophore pairs with respect to their relevance in unraveling

FIGURE 4. Absorption and PL spectra of14C (A) and16C (B) ([14C or 16C] ) 10-5 M and [SDS]) 0.05 M). Areas under the PL spectra are
proportional toη.

SCHEME 6. Molecular Structures and Abbreviations of
Compounds Used to Probe Solvatochromic Effects

SCHEME 7. Qualitative Description of the Effect of Polar
Solvents on the 17N/17C Emissive States (TB and TS Are
Defined as in Scheme 3)
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complex optical phenomena buried in more complex aggregated
systems. The last effort reviewed here is a study on their role
for understanding charge transport across a single molecule, or
a single molecular layer,72 which was done in collaboration with
Dr. James Kushmerick, now at NIST.73 These measurements
give fundamental understanding and foundations for evaluating
molecule-based technologies, often referred to asmolecular
electronics.74 Experiments have demonstrated that molecules
addressed in parallel act as independent conductance
channels,75-77 namely, an ensemble of molecules behaves the
sum of the individual molecular conductances. Calculations
predicted, however, that more facile charge transport could be
achieved by a monolayer of strongly interacting conjugated
molecules due to the formation of a pseudo two-dimensional
band structure in the molecular layer.78 Strongπ-orbital coupling
is anticipated for structures in which the intermolecular distance
is reduced below 4 Å.79 Herringbone packing structures,80,81

typical of monolayers with rigid-rodπ-conjugated molecular
wires, precludes such strongπ-π coupling. Building an inter-
digitated molecular bilayer using [2.2]paracyclophane allows
one to obtain the necessary strong electronic coupling while at
the same time enforcing a cofacial relationship between the
active units.

For this effort, we focused on the properties of 1,4-bis[4′-
(acetylthio)styryl]benzene (19, see Scheme 9) and 4,12-bis[4′-
(acetylthio)styryl[2.2]paracyclophane (20). Their synthesis, which
has been described in detail elsewhere, relied on a strategy
involving protection of the reactive thiol group as its (S)-methyl
derivative, which is more tolerant of synthetic manipulations
that require strong or nucleophilic bases.82,83To avoid working
with the more reactive free thiols at the monolayer building
stage, the (S)-acetyl groups can be deprotected to free thiols in
situ under a nitrogen atmosphere, and the resulting solutions
are then immediately exposed to gold surfaces.

A cartoon illustration of our perspective for these systems
and measurements is shown in Figure 5. Monolayers of19 and
20 are sandwiched between two gold electrodes and held in
place via Au-thiol covalent bonds. In the case of19, conduc-
tance involves participation of the orbitals on distyrylbenzene.
In the case of20, one can picture that each link involves two

stilbene molecule that are forced to overlap through space via
the [2.2]paracyclophane core. Under the appropriate experi-
mental conditions, both19 and 20 produce good quality
monolayers with high packing densities on Au surfaces, as
determined by electrochemical studies.84 The packing density
of the two monolayer films was modeled according to the van
der Waals radii of the molecules.85 These calculations showed
that perfect monolayers of19 would have approximately twice
as many molecules per unit area as monolayers of20. These
calculated packing densities were further supported by electro-
chemical desorption measurements which determine the mo-
lecular surface coverage from the current needed to irreversibly
oxidize the molecules from the electrode.

Conductance measurements relied on the crossed-wire tun-
neling junction technique, which has the ability to examine
charge transport86 and inelastic electron tunneling spectroscopy87

in a well-controlled and reproducible manner. A crossed-wire
tunneling junction is formed when one 10µm diameter gold
wire, modified with a monolayer containing the molecule of
interest, is brought into gentle contact with a second unmodified
gold wire controlled by a small DC deflection current in the
presence of an external magnetic field. Experimentally, this
approach offers several advantages to other conductivity mea-
surement techniques. Foremost, the top metal-molecule contact
is made mechanically, thereby avoiding exposure of the
molecules to a metal evaporation that can disturb or chemically
modify the thin molecular layer. Since formation of molecular
junctions in this manner is relatively easy, it is possible to
repeatedly measure the sample of interest, generating multiple
data sets where statistics can be applied. Although the measure-
ments are made on an ensemble of molecules in the monolayer,
previous studies have shown excellent correlation between
crossed-wire measurements and single molecule STM measure-
ments.88

Current-voltage (I-V) characteristics for molecular junctions
formed from monolayers of19 and20 are shown in Figure 6.
Both molecules yielded molecular junctions stable to repeated
measurements for bias voltages in the(1 V range. The
symmetry of theI-V characteristics demonstrates that the Au-S
contacts at either end of the molecules are chemically similar.89

The most striking aspect of theI-V characteristics is the high
conductivity measured for20despite the break inπ-conjugation
imposed by the internal [2.2]paracyclophane core. The conduc-
tivity of Au/19/Au, calculated from the slope of the linear low
bias region, is only 2.3 times greater than that of Au/20/Au.
When considering that the packing density of the monolayer of
20 is approximately half the packing density of monolayer of
19, the conductiVity per molecule for the two structures is the
same giVen the uncertainties of the measurements.For com-
parison, orders of magnitude differences in conductivity are
observed between saturated alkanes andπ-conjugated oligomers
of similar length.90 The similar measuredI-V characteristics
of 19 and20, specifically, the magnitude of the conductance,
indicate that the [2.2]paracyclophane arrangement provides an
efficient mechanism for charge transport.

Delocalized orbitals that span the entire molecule and are
positioned close to the Fermi level of the metal electrodes
facilitate charge transport across molecular junctions.91 To
evaluate the potential conductance channels, the electronic
structure of molecules19and20were calculated at the B3LYP/
LANL2DZ level of DFT theory with single Au atoms attached
to the terminal S atoms on either side of the molecule. The

SCHEME 8. Qualitative Description of the Effect of Polar
Solvents on the 14N/14C Emissive States (TB and TS Are
Defined as in Scheme 3)

SCHEME 9. The Molecular Structures of 19 and 20
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calculated charge density plots of20demonstrate that, although
there is a break in through-bond conjugation at the [2.2]-
paracyclophane core, theπ-system of the two coordinated
stilbene units spans the entire molecule due to through-space
conjugation. The HOMO-1 in20 demonstrates delocalization
across theπ-system and is similar in energy to the HOMO
energy of19 (-5.8 and-5.6 eV, respectively); both are close
to the Fermi level of Au (-5.31 eV).92 The similar conductivity
is thus likely due to charge transport through energetically
similar filled molecular orbitals. From a larger perspective, the
high conductance of20 indicates that suitably arrangedπ-sys-
tems can exhibit strong through-spaceπ-π coupling for charge
transport. While it is currently difficult to imagine how one could
drive a monolayer system to adopt such molecular packing, this
result should provide motivation for such research as well as
for designing future molecular species that incorporate multiple
appropriately coordinated conjugated subunits.

We conclude this section of the Perspective by looking at
insight obtained using19 and20 for comparing and correlating
molecular transconductance measurements by different experi-
mental techniques. The possibility of using individual organic
molecules for molecular-scale electronic applications has prompted
the development of numerous techniques to measure the charge-
transport properties of a few or single molecules93-97 or self-
assembled monolayers (SAMs).90,98,99 In addition to these

ensemble measurements, a number of methods have been
developed that contact and measure the charge transport of
individual molecules.100-102 It is of obvious importance to ensure
that these methods provide structure/property relationships that
can be related to each other and to understand the role that the
intrinsic electronic properties of the organic can play in these
correlations. Our efforts focused on a comparison of the
tunneling decay constant, determined from scanning tunneling
microscopy (STM) imaging, with metal-molecule-metal con-
ductivity measurements, obtained from conductive atomic force
microscopy (C-AFM) measurements, for single molecules
isolated in an alkane thiol matrix.

Because of space limitations, the discussion will be brief and
only highlights will be presented, primarily at a qualitative
level. The test samples involved two-component SAMs formed
by inserting19 or 20 into a monolayer of undecanethiol on
Au(111). Under these conditions, the conjugated molecules are
inserted into the matrix film at step edges and domain boundaries
where it has been demonstrated that they are electronically
isolated and exist in an upright fashion due to the rigidity of
the supporting monolayer matrix.103 For STM measurements,
images were collected with the tip biased under constant current
feedback control. The delocalized electronic structures of19
or 20 result in bright spots in the image due to differences in
both their physical height and their electronic properties relative
to the alkane monolayer. Deconvolution of variables and
comparison against the background matrix using the formalism
by Weiss and co-workers104 yields â, the tunneling decay
constant, which is related to the electronic properties of the
molecule. This analysis providedâ values of 0.40( 0.12 and
1.16( 0.25 Å-1 for 19 and20, respectively. These data would
indicate a higher molecular conductivity for19, relative to20,
in contrast to the results obtained using cross-wire junction
measurements shown in Figure 6.

Molecular conductivity measurements were done using C-
AFM. Monolayers containing inserted19 or 20 were function-
alized with gold colloids through attachment to their unbound
protruding thiol functionality by soaking the two-component
SAMs in a solution of gold nanoparticles with an average
diameter of 5 nm. The inserted molecules were visualized from
AFM imaging by the appearance of their attached colloids. A
closed-loop x-y piezo scanner was used to position the
conductive tip directly over the gold colloids, and the current-
voltage (I-V) characteristics were directly measured in the(1
V potential range. The relative conductivities of the molecules,
calculated from the slope of the linear low bias regime and
normalized to another molecular system, were 29( 13 and 25

FIGURE 5. Schematic illustration of the situations encountered when probing monolayers of19 and20.

FIGURE 6. Linear scaleI-V characteristics for Au/19/Au (red) and
Au/20/Au (blue) averaged from three independently formed junctions.
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( 10 for 19 and20, respectively.This result is in agreement
with cross-wire junction measurements and differs from the
analysis of STM images.

Discrepancies between the measurement techniques proved
to be related to the difference in the contacts that the molecules
experience in the two measurements. In the AFM experiment,
both thiol functionalities are chemically bound to a gold surface,
while in the STM measurements, only one of the thiol end
groups is attached. Electronic structure calculations were
performed on19 and 20 bound to one and two Au contacts
within the density functional theory approximation (Figure 7).
Single Au atoms attached to the thiol groups were used to
represent the molecule/electrode interaction. Calculations reveal
similar topologies for the HOMO, whether19 is bound to gold
via one (Au/19) or both (Au/1/Au) thiol groups. In contrast,
the HOMO and HOMO-1 of20 with two Au atoms (Au/20/
Au) has a fully delocalized electronic structure that extends
across the length of the molecule, but the HOMO and HOMO-1
of the singly bound Au/20 molecule lacks these features.
Specifically, the spatial degeneracy of the HOMO and HOMO-1
orbitals is lifted by the single Au contact and the charge density
is localized on the upper and lowerπ-conjugated fragment,
respectively. Such localization of the formerly continuous
conduction channel highlights why the singly bound molecule
(STM conditions) has such drastically different charge transport
characteristics when compared to the doubly bound (C-AFM
conditions) species. In the STM measurements, the tunneling
charge carrier has a further distance to travel (experiences a
wider tunnel barrier) before reaching the delocalized molecular
orbital. It is interesting to speculate that the decreased conduc-
tance of20 that results from a single contact is related to the
observation that the through-space delocalization is more
polarizable, as surmised from solvatochromic trends.

To summarize, the work on [2.2]paracyclophane structures
that mimic contacts betweenπ-conjugated molecules provides
a versatile tool to probe a variety of optical and electronic
properties that are embedded within the complex mixture of
sites characteristic of organic materials. Admittedly, because
of synthetic limitations, it is not possible to address structures
that may be envisioned, particularly in amorphous systems.
These dimers are nonetheless microcosms that are perfectly

defined, and through their characterization, they challenge our
current theoretical understanding of electronic coupling in
multichromophore assemblies.

Problems and Opportunities with Conjugated Polyelec-
trolytes

Conjugated polyelectrolytes are polymers containing aπ-con-
jugated backbone and functional groups that ionize in high
dielectric media (i.e., salts).105 These materials combine the
semiconducting and photon harvesting properties of electroni-
cally delocalized polymers with the charge-mediated behavior
of polyelectrolytes. Studying conjugated polyelectrolytes pre-
sents a common and quite different problem compared to [2.2]-
paracyclophane-based bichromophoric pairs: one loses much
of the certainty on the distance and orientations of the optically
active units. Aggregates form in water as a result of the
hydrophobic polymer backbone.106The internal structures within
the aggregates coordinate the collective behavior of multiple
chromophores and determine observables.107 Much of the
interest in conjugated polyelectrolytes is in the development of
biosensors where the ultimate objective is to generate assays
that detect target species in as low a concentration as possible.
This drive causes one to work under conditions where common
characterization techniques, such as dynamic light scattering,
are not sufficiently sensitive. Incorporation into an optoelectronic
device and evaluation of the resulting performance provide a
composite picture of many interrelated variables where the
properties of the organic component may not be dominant.
Unlike neutral conjugated polymers, the ions are mobile and
can redistribute applied electric fields, bringing in the problem
of reconciling electrochemical and solid-state physics concepts.
One therefore needs to work under conditions where the impact
of molecular design is less certain. Despite these complications,
conjugated polyelectrolytes have made substantial impact in
diverse applications and molecular engineering is a primary
component of the research.

Biosensor Applications.Our group placed substantial efforts
on the development of homogeneous and heterogeneous bio-
sensor assays that take advantage of the optical amplification
afforded by conjugated polyelectrolytes.108 The ionic groups are

FIGURE 7. Charge density plots of the highest occupied molecular orbitals for1 and2 attached to one and two gold atoms (Au/19, Au/19/Au,
Au/20, and Au/20/Au, respectively).
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essential for increasing water solubility, an important require-
ment for biological detection.109,110The primary structures we
focus on are charged poly(fluorene) derivatives and, more
commonly, poly(fluorene) copolymers. Such polymers show
some of the highest emission quantum yields in aqueous media,
are readily prepared via Suzuki cross-coupling polymerizations,
and their structures can be readily varied via substitutions at
the fluorene C9 position.

Biosensors are devices that transduce a biological recognition
event (such as antibody-antigen binding) into measurable
signals.111 A particular function of conjugated polymers is to
amplify the signals so that lower concentrations of analyte can
be interrogated.112 Within the context of water-soluble poly-
(fluorenes), their action has been primarily to amplify fluorescent
signatures. This amplification is the result of a higher optical
cross section of the polymer, relative to small molecule reporters,
and efficient fluorescence resonance energy transfer (FRET) to
a signaling chromophore that is triggered upon specific molec-
ular recognition events. Recognition specificity is paramount
in view of the highly responsive fluorescence from conjugated
polyelectrolytes. Examination of a limited set of variables can
lead to misinterpretation of results.113

Our initial success was based on the optical amplification of
fluorescent DNA assays using the poly(fluorene-co-phenylene)
derivative 21 (Scheme 10).114 As shown by the simplified
illustration in Scheme 11, the detection method comprises two
components: (a) the light-harvesting luminescent conjugated

polymer 21 and (b) a probe oligonucleotide consisting of a
peptide nucleic acid (PNA) labeled with a reporter dye such as
fluorescein (PNA-Fl). Addition to the solution of a target
polynucleotide with a sequence complementary to the PNA
strand yields the duplex structure. Electrostatic interactions bring
the conjugated polyelectrolyte into close proximity to the PNA/
ssDNA-Fl duplex, resulting in FRET from the polymer to the
signaling chromophore. When a nontarget polynucleotide is
added, complexation between21and the probe oligonucleotide
does not occur. Under these circumstances, the Fl remains bound
to a neutral macromolecule, there is no electrostatic binding to
21, and the average distance between21 and the signaling
chromophore is too large for effective FRET. It is possible to
differentiate complementary and noncomplementary ssDNA by
excitation of the polymer and measuring the Fl emission. More
importantly, because the optical density of the polymer is much
larger than that of Fl, and FRET is efficient, one can see up to
100-fold increase of Fl emission, compared with that obtained
upon direct excitation at the absorption maximum of Fl.

By adding an S1 nuclease enzyme, it is possible to modify
Scheme 11 so that the overall assay is sensitive to single
nucleotide polymorphisms. The overall strategy is illustrated
in Scheme 12.115 The recognition is accomplished by sequence-
specific hybridization between the uncharged, PNA-Fl probe
and the ssDNA sequence of interest. Treatment with S1 nuclease
leads to digestion of DNA, except for those regions “protected”
by a perfectly matching hybridized PNA. The polymer21 can
function as an excitation donor to Fl only when in the PNA/
ssDNA duplex. The overall method was tested by measuring
the ability of the sensor system to detect normal, wild type,
human DNA sequences, as opposed to sequences containing a
single base mutation. Specifically, the PNA probe was comple-
mentary to a region of the gene encoding the microtubule
associated protein tau.116 The probe sequence covers a known
point mutation implicated in a dominant neurodegenerative
dementia known as FTDP-17, which has clinical and molecular
similarities to Alzheimer’s disease. Using an appropriate PNA
probe, unambiguous FRET signaling is achieved for only the
wild type DNA and not the mutant sequence harboring the single
nucleotide polymorphism.

The general basis for the function in Scheme 11 is that upon
recognition the signaling dye becomes attached to a macro-
molecule of net negative charge. By virtue of electrostatic
attraction, the distance requirement for FRET is met and
excitation of the conjugated polyelectrolyte leads to emission
from the dye on the probe molecule. This approach is general
and has been applied using RNA/peptide,117 DNA/DNA,118,119

PNA/dsDNA,120 and RNA/RNA121 recognition pairs. Further-
more, it is possible to adapt the process to solid-state sensors,
where PNA decorated surfaces become negatively charged upon
ssDNA hybridazation.122 In the next couple of examples, we
highlight that, despite the success in designing sensory schemes,
much complexity exists, particularly on the coupling of the
optical components and how the local structure within the
conjugated polyelectrolyte aggregates influences the net output
from sensory schemes.

As shown by Fo¨rster,123 dipole-dipole interactions lead to
long-range resonance energy transfer from a donor chromophore
to an acceptor chromophore. Equation 1 describes how the
FRET rate changes as a function of the donor-acceptor distance
(r), the orientation factor (κ), and the overlap integral (J(λ)),
which expresses the spectral overlap of the donor emission and

SCHEME 10. The Molecular Structure of 21

SCHEME 11. Schematic Illustration of the DNA Assay
Using 21 (shown in Green) and PNA-C* (Shown in Blue,
Where C* Is Fl): The System Responds Depending on
Whether the ssDNA (Shown in Red) is Complementary or
Noncomplementary to the PNA Sequence (Reproduced from
Ref 114)
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the acceptor absorption. 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.

In FRET-based assays, the light-harvesting conjugated poly-
mer and a fluorophore capable of introduction into a probe
structure are generally designed 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 photoinduced charge
transfer (PCT). While PCT provides the basis for assays that
modulate emission intensity, it constitutes an energy-wasting
scheme in FRET assays that reduces the intensity of signals
and the overall sensitivity. The rate for PCT shows an
exponential dependence on the donor acceptor distance (r), that
is, kPCT R exp(-â/r), whereâ reflects the electronic coupling.
Thus, there is a more acute distance dependence relative to eq
1, and as we will discuss in a subsequent section, the chemical
structure of the polymer can make a strong impact on the
contribution of the two processes with a given fluorophore
reporter.

Scheme 13 provides a simplified illustration of two situations
that may occur upon excitation of the polymer donor.124

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 situation 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.125 As shown in Scheme
13, donor excitation would lead to photoinduced electron transfer
to the acceptor. Excitation of the acceptor would lead to a similar
charge-separated state via hole transfer to the donor. While
Scheme 13 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 may convert to exciplexes and ultimately
excitons.126 Despite these uncertainties, Scheme 13B provides
for a necessary, but not sufficient, condition for PCT.

A series of cationic poly(fluorene-co-phenylene) derivatives
was designed and synthesized to probe the effect of the
molecular orbital energy levels on FRET efficiency.127As shown
in Scheme 14, the molecular structures contained the parent
phenylene unit (22) and variations bearing electron-donating
(OMe, 23) or -withdrawing (F,24) substituents. Compounds
21 and22 differ with respect to the halide counterions, I- and
Br-, respectively. As shown in Figure 8, the PL spectra of the
three polymers are similar; furthermore, they all exhibit nearly
identical PL quantum yields. Figure 8 also shows the absorbance
of two typical dyes used in labeling probe single-stranded DNAs
(ssDNAs), namely, fluorescein (Fl) and Texas Red (TR). There
is much better spectral overlap between the absorption of Fl

SCHEME 12. Long ssDNA Target Sequences (black) are Digested by S1 Nuclease, Leaving Intact Only Those Regions Bound
to the PNA Probe (red)a

a 21 (blue) added directly to the resulting solutions can only associate with the remaining PNA-Fl/DNA duplex. Any PNA/DNA mismatches will result
in complete DNA digestion; therefore, energy transfer from21 occurs only for the perfect PNA-Fl/DNA complement (reproduced from ref 115).

kt(r) ∝ 1

r6
κ

2J(λ) (1)

SCHEME 13. Effect of Relative Orbital Energy Levels on
FRET versus PCT Preferences
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and the emission of polymers22, 23, and24, relative to the
situation with TR. By looking at eq 1, one would estimate nearly
identical donor capabilities for the three polymers and that Fl
would be a better acceptor, relative to TR.

FRET experiments were performed by monitoring dye
emission upon excitation of22, 23, and 24 under conditions
relevant for biosensor applications, and the results are sum-
marized in Figure 9. Most intense Fl emission was observed
for 24/ssDNA-Fl and is approximately 2-fold more intense than
that observed for22/ssDNA-Fl and is over an order of
magnitude larger than that for23/ssDNA-Fl. For24/ssDNA-
Fl, the integrated Fl emission is approximately 5-fold greater
than that obtained by direct excitation of Fl at its absorption
maximum (495 nm) in theabsenceof the polymers, while over
20-fold enhancement is observed relative to direct Fl excitation
in the presenceof 24. This enhancement reflects the signal
amplification provided by the light-harvesting capabilities of
the poly(fluorene-co-phenylene) backbone. FRET experiments
using ssDNA-TR show that TR emission intensities are similar
for 22/ssDNA-TR and24/ssDNA-TR, which are approximately
twice more intense than that observed with23/ssDNA-TR. Of
particular significance is thatthe TR emission with23/ssDNA-
TR is more intense than the Fl emission with23/ssDNA-Fl,
despite the less effectiVe spectral oVerlap (J(λ) in eq 1). The
standard FRET equation therefore fails to provide a useful
guideline to understand the complete picture of optical coupling
in these systems.

Additional experiments with22, 23, 24 ssDNA-Fl, and
ssDNA-TR revealed the following observations. First, there is
self-quenching of the dyes within the conjugated polyelectrolyte/
ssDNA-Fl (or ssDNA-TR) aggregates. This effect can be
diminished by including unlabeled ssDNA and is less severe
for TR than for Fl. Second, there is self-quenching of the

polymer emission upon aggregation with unlabeled ssDNA.
Third, the three polymers are quenched to the same extent with
ssDNA-Fl. In other words, the chemical nature of the dyes at
the terminus of the ssDNA does not appear to influence the
general arrangement of the components so vastly that different
optical coupling occurs. Thus, the differences in the sensitization
of Fl or TR cannot be attributed to different abilities of the
polymers 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 structure22. The Fl 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 of22 (-5.6
eV) and23 (-5.4 eV). For these two structures, it is reasonable
to expect that situation B in Scheme 13, that is, PCT to the
LUMO of Fl, is taking place. For polymer24, with a HOMO
energy of-5.8 eV, the situation is less certain and, given the
limitations of Scheme 13, both processes may be taking place
to some extent. The TR HOMO level (-5.4 eV) is higher than
those of22 and24 and is close in energy to the level of23. In
fact, the HOMO-LUMO levels of TR are well contained
between the levels of24, as in situation A in Scheme 13 which
favors FRET over PCT. Additionally, that the energy gap
difference between TR and the three conjugated polyelectrolytes
is smaller than that observed with Fl likely provides 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)fluor-
ene-alt-1,4-(2,5-bis(6-N,N,N-trimethylammoniumhexyloxy))-
phenylene) tetrabromide (25) 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))phen-
ylene) tetrabromide (26); structures can be found in Scheme
15.128The 10H-spiroanthracenyl group is orthogonal to the main
conjugated backbone vector and was not anticipated to contrib-
ute to electron delocalization. These groups behave as “molec-
ular bumpers” that effectively shield the backbone. Accordingly,
both 25 and 26 show similar absorption and PL spectra, and
their HOMO and LUMO levels were nearly identical, as
determined by electrochemical measurements. The PL quantum
yields are also identical within experimental error.

Polymers25 and26 were examined as excitation donors to
ssDNA-Fl. Similar levels of polymer emission quenching are
observed upon addition of ssDNA-Fl; however, the fate of the
excitations is very different. In the case of25, one observes
negligible Fl emission, whereas for26, it is possible to observe
Fl emission with a FRET efficiency of 60%. Since the optical
properties and orbital energy levels of for25 and 26 are
identical, the arguments presented for polymers22, 23, and24
are not applicable to rationalize the differences in optical output.
However, it is important to recall that FRET and PCT rates,
and thereby their probabilities, depend to different extents on
the donor-acceptor distance. PCT is essentially a contact
process described by an exponential distance dependence129 and
functions effectively at D-A distances considerably shorter than
those probed by FRET processes.130 The nearly complete Fl
emission quenching in25/ssDNA-Fl suggests that polymer
excitation results in PCT to Fl.131With 26/DNA-Fl, one observes

SCHEME 14. Molecular Structures of 22, 23, and 24

FIGURE 8. Photoluminescence (PL) spectra of22 (a),23 (b), and24
(c) and absorbance of ssDNA-C* (Fl, d and TR, e) in 25 mM phosphate
buffer (pH ) 7.4).
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much less Fl quenching. The introduction of the molecular
bumpers in26 increases the average donor acceptor distance.
This increased separation reduces the probability of PCT,
relative to the parent25 structure, but allows 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 subnanoscale levels to favor FRET over quenching
by PCT mechanisms.

Applications in Optoelectronic Devices.Conjugated poly-
mers offer the opportunity of fabricating polymer light-emitting
diodes (PLEDs) using solution methods. However, multilayer
fabrication is challenging if all the components display similar
solubilities. Depositing a new polymer can lead to removal of
the underlying layer and/or mixing of the components. Conju-
gated polyelectrolytes are helpful in this context since their
charged groups increase their solubility in polar solvents, such
as water or methanol, compared to neutral structures.132 The
charged groups offer additional possibilities not accessible to
their neutral counterparts. For example, dipoles may form at
the metal/organic interface that raise the effective work function
of the metal.133 Additionally, the charge-compensating ions can
migrate under an applied electric field, thereby balancing
injected charge carriers or allowing for a redistribution of the
internal electric field.134

In PLEDs, electrons are injected from the cathode into the
π*-band (LUMO) of the organic semiconductor, and holes are
injected from the anode into theπ-band (HOMO). If the work
function of the cathode is greater than theπ*-band or the work
function of the anode is less than theπ-band, these differences
lead to charge injection barriers. Because of these barriers, the

current is limited to a first approximation by a combination of
Fowler-Nordheim tunneling and thermionic emission mecha-
nisms.135 These barriers reduce device power efficiencies by
increasing the turn on voltage and creating unbalanced charge
injection. This problem provides a substantial obstacle to using
organic LEDs in solid-state lighting applications.

A challenge thus lies in reducing the electron injection barrier.
Using low work function metals, such as Ca or Ba, can effec-
tively reduce the barrier, but these metals tend to be environ-
mentally unstable which lowers device lifetime and requires
encapsulation that minimizes penetration and deterioration by
oxygen or water. Devices with multiple layer architectures can
display improved efficiencies.136 Electron transport/injection
layers (ETLs) reduce injection barriers by a variety of mech-
anisms, including placing a dipole adjacent to the cathode,137

band bending using doped ETLs to create ohmic (low barrier)
contacts,138 or through a series of energetically cascading
layers.139 ETLs with high electron mobilities can move the
charge recombination region away from the cathode, where
excitons (excited states) can be quenched.140 ETLs can also be
used as blocking layers that prevent holes from migrating across
the device without recombining, forces the recombination profile
away from the cathode, and alters the internal field distribu-
tion.141

Our initial efforts, in collaboration with the group of Professor
Alan Heeger, involving incorporation of conjugated polyelec-
trolytes into PLED structures centered on the design and syn-
thesis of poly{[9,9-bis(6′-(N,N,N-trimethylammonium)hexylio-
dide)fluorene-2,7-diyl]-alt-[2,5-bis(p-phenylene)-1,3,4-oxadia-
zole]} (27 in Scheme 16). The idea was to incorporate the

FIGURE 9. Fluorescence spectra of ssDNA-Fl (a) and ssDNA-TR (b) in the presence of22 (black),23 (blue), and24 (red) in 25 mmol phosphate
buffer at [ssDNA-Fl or ssDNA-TR]) 2 × 10-8 M and [RU] ) 4 × 10-7 M (RU corresponds the polymer repeat unit). For each, the excitation
wavelengths are at the polymer absorption maximum. Direct excitation of ssDNA-Fl and ssDNA-TRprior to polymer addition are also shown in
green and orange, respectively.

SCHEME 15. Molecular Structures of 25 and 26
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oxadiazole heterocycle into the backbone since several deriva-
tives had been widely used as ETLs or hole blocking layers
(HBLs).132 Polymer27 was coated from a methanol solution
on top of neutral conjugated polymer layers with no interfacial
mixing or deterioration of underlying layers. Significant im-
provements in blue-, green-, and red-emitting devices were
demonstrated.

By extending the strategy of casting from solvents of different
polarities to oligomers and multicomponent nonionic blends of
conjugated polymers, we demonstrated the fabrication of
multilayer PLEDs with white emission, high efficiency, and
good color stability.142 Such devices have the potential to be
more efficient than conventional light sources and may provide
substantial energy savings. A general description of the device
and the molecular components of each layer is shown in Figure
10. The choice of materials includes a sulfonated oxadiazole
for the ETL, a blend containing poly(fluorene), poly(fluorene)
with fluorenone defects, and an iridium phosphorescent species
for blue, green, and red emission, respectively, and an anionic
version of poly(vinylcarbazole) for the hole injection layer
(HIL). A key element of the emitting layer is the fact that the
three components contain alkylated fluorene groups to minimize
the tendency for phase separation. The cathode was barium,
and the anode was indium tin oxide (ITO) coated with poly-
(3,4-ethylenedioxythiophene)poly(styrenesulfonate) (PEDOT).

The performance and general idea behind the white-emitting
PLEDs shown in Figure 10 are well-established and reliable.
However, our initial expectation that it was important to include
organic units previously used as ETLs into the conjugated
polyelectrolyte design proved to be unnecessary. Literature
reports showed that simpler structures function well in this
respect. It was proposed that the insertion of charged or polar
groups adjacent to the cathode results in a positive interfacial
dipole that effectively lowers the work function of metals such

as Al or Au133 and results in a lowering of injection barrier
heights at the interface. However, the orientation and dynamics
of charged groups at the metal/polymer interface remained
poorly understood. We thus set out to examine how the charge-
compensating anions of the cationic poly([(9,9-bis(6′-N,N,N-
trimethylammonium)hexyl)fluorene]) (28, see Scheme 17)
would influence device performance.143

We chose to fabricate LEDs using poly[2-methoxy-5-(2′-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) as the emis-
sive layer because it is an excellent singlet emitter and of its
extensive previous characterization and ease of purification.144

The MEH-PPV was deposited from toluene on a PEDOT-treated
ITO surface. Subsequently, a 10 nm film of28-X (hereX refers
to a generic anion) was spun-coated from methanol. Finally,
an Al or Ba layer was evaporated to serve as the cathode. Figure
11a shows the current density-luminance-voltage (J-L-V)
characteristics of control devices with Ba or Al cathodes.
Consistent with previous literature work,145 the better match of
the Ba work function (2.7 eV) with the MEH-PPV LUMO (2.9
eV) results in an ohmic contact (i.e., without a barrier) for
electron injection and LEDs with higher luminance than these
with Al cathodes (work function) 4.3 eV). Figure 11b
compares the device characteristics with28-X/Al cathodes.
These data show that, for28-Br (i.e., 28 with bromide
counterions) and28-BArF

4, theJ-L-V curves do not provide
an improvement relative to the MEH-PPV/Al device. However,
with 28-CF3SO3 or 28-BIm4, the J-L-V characteristics are

SCHEME 16. The Molecular Structure of 27

FIGURE 10. Schematic drawing of the white-emitting device structure and molecular structures of the components of selected layers.

SCHEME 17. The Molecular Structure of 28 and the
Corresponding Anions
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substantially improved, with turn on voltages (the point at which
0.1 cd/m2 is observed) at the band gap energy (i.e., HOMO-
LUMO gap) of MEH-PPV (2.2 eV).

Examination of the light output as a function of injected
charges provides for a simple comparison of how the anions
influence device characteristics. As shown in Figure 12, the
efficiencies up to 500 mA/cm2 can be ranked in the order (28-
BAr F

4/Al) < Al ∼ (28-Br/Al) < (28-CF3SO3/Al) < Ba∼ (28-
BIm4/Al). The efficiencies of devices fabricated with28-BIm4/
Al are comparable to those with a Ba cathode. At the other
extreme,28-BArF

4/Al yields devices that are less efficient than
those with Al cathodes. Both28-BIm4 and 28-BArF

4 have
identical polymer backbones. Thus, the difference in perfor-
mance is not due to differences in electrode work function/
semiconductor LUMO energy levels.

Figures 11 and 12 demonstrate unambiguously that the
performance of conjugated polyelectrolytes as the ETL in
PLEDs is strongly influenced by the charge-compensating ions.
From a practical perspective, it is possible to find suitable
species that allow the use of higher work function, and thus
more stable, metals, such as Al, and achieve efficiencies similar
to those obtained with Ba. However, these results opened up
several basic science questions. In particular, the precise role

of the ions continue to be poorly understood. One possibility
we considered was that function was limited by ion mobility.
Here we expected that the charge-compensating species would
migrate within a rigid polymer matrix upon application of an
external field. This hypothesis was tested in collaboration with
the research group of Professor Thuc-Quyen Nguyen by
fabricating PLEDs that contained22-BIm4 as the ETL and poly-
(fluorene) as the emitting layer; the overall device structures
were similar to those in Figure 11.146 Figure 13a shows howJ
develops over time at different applied voltages for a device
containing a 10 nm thick22-BIm4 layer. A low current is
initially observed, which increases up to a limiting value. Faster
response times and higher steady stateJ values are attained when
the applied voltage is increased. The luminance characteristics
for these devices are shown in Figure 13b. Similar behavior to

FIGURE 11. J-L-V characteristics of LEDs; (a) ITO/PEDOT/MEH-PPV/Al (red circles) and ITO/PEDOT/MEH-PPV/Ba/Al (green squares); (b)
device configuration ITO/PEDOT/MEH-PPV/28-X/Al: 28-Br (red circles),28-CF3SO3 (green squares),28-BIm4 (blue diamonds), and28-BArF

4

(black triangles).

FIGURE 12. Luminous efficiency versus current density characteristics
for different cathodes:28-BArF

4/Al (green), Al (black),28-Br/Al (red),
28-CF3SO3/Al (purple), Ba (light blue), and28-BIm4/Al (blue).

FIGURE 13. Time response of (a)J and (b)L for an ITO/PEDOT/
poly(fluorene)/22-BIm4/Al LED with constant applied bias: 6 V (red
circles), 5 V (green squares), 4.5 V (blue triangles), 4 V (black
diamonds). Shown in orange stars are the data from a device without
the 22-BIm4 layer at an applied bias of 5 V.
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the J versus time response is observed: higher brightness and
lower response times occur as one increases the applied bias.

The observation of a time response forJ in the regime of
seconds, together with the similar time response forL, upon
introduction of the22-BIm4 layer, is consistent with ion motion
mediating the device performance and, in particular, the electron
injection barrier. Such dependence is difficult to accommodate
within a model where the effective work function of the cathode
is modified by the presence of a permanent dipole at the cathode
interface. In conventional PLEDs, the electroluminescent re-
sponse is on the nanosecond or microsecond time scales.147-149

It is useful to note here that we had shown previously how22-
Br can be used in single-component light-emitting electro-
chemical cells (LECs).150 In LECs, the ion motion redistributes
the field within the device and compensates the injected
charges.151 The response time in LECs is affected by the
mobility of the ions, the distance the ions must traverse, and
the magnitude of the electric field,152 very much like the
dependence shown in Figure 13. The action of the polyelec-
trolyte ETL thus leads to a hybrid device that combines features
of PLEDs and LECs and involves mixed ionic and electronic
conduction. The time response due to ion motion may provide
challenges in nonstatic displays but should not be a significant
concern when considering white-emitting PLEDs for solid-state
lighting applications.

As demonstrated above, simple ion exchange procedures can
be applied to modify the properties of conjugated polyelectro-
lytes. A given backbone can serve to provide a family of
materials. One of our interests was to probe a little deeper on
the effect of ions on the basic physical properties of conjugated
polyelectrolytes.153 The bromide ions in poly[(9,9-bis(6′-N,N,N-
trimethylammoniumbromide)hexyl)fluorene-co-alt-4,7-(2,1,3-
benzothiadiazole)] (29 in Scheme 18) were exchanged with
BF4

-, CF3SO3
-, PF6

-, BPh4
-, and BArF4

-. Absorption, PL, and
PL quantum yields were measured in different solvents and in
solid films cast from methanol. Examination of the resulting
trends, together with the spectral bandshapes in different
solvents, suggests that increasing the counteranion size decreases
interchain contacts and aggregation and leads to a substantial
increase of the emission efficiency in the bulk. Size analysis of
polymers containing Br- and BArF4

- in water by dynamic light
scattering techniques indicates suppression of aggregation by
BArF

4
-.

Nanoscale characterization by C-AFM showed that the
presence of the ionic component does not negatively impact
charge transport mobility. Indeed, the mobilities are higher for
29-Br and 29-BArF

4 when compared to those of a neutral
conjugated polymer of similar backbone structure, despite
possible expectations that the ions may behave as traps for the

charge carriers. The higher mobility for29-Br, relative to that
of 29-BArF

4, may be accounted for by the tighter interchain
contacts that result with the smaller ion. Charge injection barriers
are strongly perturbed by the counterion. Specifically, we
observed both forward and reverse bias injectiononly with 29-
Br . The ionic component in conjugated polyelectrolytes thus
provides a versatile structural handle to fine-tune properties
relevant to optoelectronic applications, a fact that has not been
widely recognized.

Summary

Control over the atomic connectivity in the constituents of
organic materials is provided by the bond-breaking and -forming
reactions that organic chemistry has to offer. Reactions that
enable new transformations are critical for increasing the types
of materials that can be envisioned and ultimately incorporated
into new technologies. Controlling the organization of the
organic optoelectronic units in the bulk to optimize bulk
properties is more difficult at this stage. Furthermore, evaluation
of a material from device performance is challenging since a
composite picture of multiple components and physical pro-
cesses is provided. Here the organic chemist needs to reach out
to other areas of science.

The work on [2.2]paracyclophanes provides an example of
how well-defined organic molecules can be used as study models
to unravel complex phenomena in optical and electronic
materials. This precise definition within an admittedly simple
“aggregate” is useful for gauging theory and characterization
techniques. Conjugated polyelectrolytes have less precision but
more function. It is worthwhile noting how they can be applied
in two typically nonintersecting technologies, biosensors and
light-emitting devices.

The work described in this Perspective was accomplished with
an excellent group of students, postdoctoral associates, and
collaborators. I recognize that group members often need to take
a leap of faith in collaborative work. Their synthetic target is
often the beginning of the study program. Subsequent charac-
terization and evaluation can take some time, and we are not
always successful in providing a well-described picture of how
the molecular composition of their materials leads to new
knowledge or improved function. I am very grateful for all the
effort, patience, energy, confidence, and perseverance from all
group members.
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